Degradation of Chlorinated Ethenes in Mesocosms Simulating a Constructed Wetland, at WPAFB, Ohio by Mukherjee, Dibyendu
Wright State University 
CORE Scholar 
Browse all Theses and Dissertations Theses and Dissertations 
2008 
Degradation of Chlorinated Ethenes in Mesocosms Simulating a 
Constructed Wetland, at WPAFB, Ohio 
Dibyendu Mukherjee 
Wright State University 
Follow this and additional works at: https://corescholar.libraries.wright.edu/etd_all 
 Part of the Earth Sciences Commons, and the Environmental Sciences Commons 
Repository Citation 
Mukherjee, Dibyendu, "Degradation of Chlorinated Ethenes in Mesocosms Simulating a Constructed 
Wetland, at WPAFB, Ohio" (2008). Browse all Theses and Dissertations. 229. 
https://corescholar.libraries.wright.edu/etd_all/229 
This Thesis is brought to you for free and open access by the Theses and Dissertations at CORE Scholar. It has 
been accepted for inclusion in Browse all Theses and Dissertations by an authorized administrator of CORE 
Scholar. For more information, please contact library-corescholar@wright.edu. 
DEGRADATION OF CHLORINATED ETHENES IN MESOCOSMS SIMULATING A 
CONSTRUCTED WETLAND, AT WPAFB, OHIO 
 
 
 
 
 
 
 
 
A thesis submitted in partial fulfillment 
Of the requirement for the degree of 
Master of Science 
 
 
 
 
By 
 
DIBYENDU MUKHERJEE 
M.Sc., University of Calcutta, 2003 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
2008  
Wright State University 
 
 
 
 
 
 
 
WRIGHT STATE UNIVERSITY 
SCHOOL OF GRADUATE STUDIES 
                                
                                                                                          March 18, 2008 
 
 
 
               I HEREBY RECOMMEND THAT THE THESIS PREPARED UNDER MY 
SUPERVISION BY Dibyendu Mukherjee ENTITLED Degradation of Chlorinated Ethenes in 
Mesocosms Simulating a Constructed Wetland, at WPAFB, Ohio BE ACCEPTED IN PARTIAL 
FULFILLMENT OF THE REQUIREMENTS                       FOR THE DEGREE OF Master of 
Science. 
 
 
                                                                                   ___________________________ 
                                                                                        Dr Abinash Agrawal, Ph.D. 
                                                                                                 Thesis Director 
                                                                                    
 
                                                                                   ___________________________ 
                                                                                             Dr Allen Burton, Ph.D. 
                                                                                                 Department Chair 
Committee on 
Final Examination 
 
 
_________________________________ 
Dr Abinash Agrawal, Ph.D. 
 
 
_________________________________ 
Dr David Dominic, Ph.D. 
 
 
________________________________ 
Dr Charles Bleckmann, Ph.D. 
 
 
_______________________________ 
Dr Joseph F. Thomas, Jr., Ph.D. 
Dean, School of Graduate Studies 
 
 
 
 
 
III 
 
ABSTRACT 
 
Mukherjee, Dibyendu M.S., Department of Geological Sciences, Wright State 
University, 2008. Degradation of Chlorinated Ethenes in Mesocosms Simulating a Constructed 
Wetland, at WPAFB, Ohio 
   
The main purpose of this research was to study the degradation of chlorinated ethenes in upward-
flowing mesocosms, simulating a constructed wetland at Wright Patterson Air Force Base 
(WPAFB) in Dayton, Ohio. This research was intended to compare biogeochemical processes 
and PCE degradation occurring in the mesocosms and in the field site. This research also tries to 
look at the effects of vegetation and season on the degradation efficiency of the mesocosms.  
Twelve PVC column reactors were built within the greenhouse of Wright State University in 
September 2005 to simulate the hydraulic conditions of a constructed wetland at WPAFB. The 
columns were filled with wetland soils. Three kinds of wetland plants, Scirpus atrovirens (green 
bulrush), Carex comosa (longhaired sedge) and Eleocharis erythropoda (spike rush) were 
planted in nine of the reactors and three were left unplanted (control). 
Water samples were collected from the reactors for a period of one year and analyzed in the 
laboratory using a gas chromatography system (HP 6890 GC) to detect the concentration of 
chlorinated ethenes and methane. Degradation of PCE along with formation of the daughter 
products TCE, DCE, VC and Ethene were detected in the reactors. Both anaerobic and aerobic 
degradation processes were taking place within the reactors. Strong seasonal trends seen in the 
planted reactors were not so evident in the control reactors.  
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1. Introduction 
  1.1 Overview 
The purpose of this study is to characterize the biogeochemical processes 
associated with perchloroethylene (PCE) and degradation of its other chlorinated 
daughter products within vertical flow-through mesocosms. The mesocosms simulate 
conditions like those in an upward flowing constructed wetland cell at Wright-Patterson 
Air Force Base (WPAFB), Ohio.  
The constructed wetland at WPAFB was constructed in the year 2000 to study the 
degradation of PCE in groundwater by microbial and vegetative processes. The wetland 
provides anaerobic as well as aerobic microenvironments which facilitate the degradation 
of chlorinated ethene, by various biogeochemical processes. The data collected from the 
wetland shows clear evidence of PCE degradation with corresponding formation of its 
daughter products trichloroethylene (TCE), dichloroethylene (DCE), vinyl chloride (VC). 
One focus of this research effort it will be to compare the data obtained from the wetland 
with data from the mesocosm. An effort will be made to better understand the various 
biogeochemical processes taking place in the system. A more detailed contaminant 
profile will help us to understand the degradation pathways better. Effects of season and 
vegetation will also be studied in the system. All these studies will help to ascertain the 
possible effectiveness of vertical flow wetlands in the degradation of chlorinated 
solvents.  This study will assess prove the viability of upward vertical flow wetlands as a 
cost effective remedial technology for remediating contaminated ground water.  
The chlorinated ethenes tetrachloroethene (perchloroethene or PCE), and its 
daughter products trichloroethene (TCE), dichloroethene (DCE), and vinyl chloride (VC) 
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are chlorinated solvents. They are commonly used as industrial cleaning and degreasing 
solvents. They belong to a class of very persistent and toxic environmental pollutants. 
Chlorinated solvents were first produced in Germany in the nineteenth century. 
Production of PCE and TCE in USA began mainly in 1923. After World War II, they 
became the most commonly used solvents. Risks associated with human health and the 
environment began to rise in the 1980s [Pankow and Cherry, 1996]. Even so, a wide 
range of industries still use chlorinated solvents in large quantities. Widespread use and 
improper disposal have resulted in significant contamination in many industrialized 
countries [Freedman and Gossett, 1989]. Accidental spills also contribute to 
contamination.  
These chlorinated solvents are also known as DNAPLs or “dense non-aqueous 
phase liquids” due to their denser than water nature. They are very hard to detect by taste 
or odor at typical groundwater contamination levels and are not stopped at the water table 
when spilled or released on the subsurface [Pankow and Cherry, 1996]. These factors 
makes contamination of groundwater by chlorinated solvents hard to detect and even 
harder to remediate. Because of these characteristics, chlorinated solvents pose great 
challenges in groundwater remediation [Abelson, 1990]. High volatilities of chlorinated 
solvents make them easier to enter the subsurface and once they reach the saturated zone 
they becomes extremely difficult to remove [McCarthy and Johnson, 1992].  They also 
have high density and low viscosity allowing rapid downward movement in the 
subsurface [Cohen and Mercer, 1993]. Chlorinated solvents also have very low interfacial 
tension which facilitates entry into fractures and pore spaces in the subsurface [Pankow 
and Cherry, 1996]. Chlorinated solvents also have very low absolute solubilities making 
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them more persistent in the subsurface [Johnson and Pankow, 1992]. PCE has an absolute 
solubility of around 150mg/L [Yaws, 2004]. They also have high relative solubilities and 
low partitioning to soil materials. Apart from all the above properties they have very low 
degradability making them dangerous in terms of environmental pollution.  
The acceptance and recognition of chlorinated solvents as environmental 
pollutants was a long process.  Chlorinated solvents are one of the most common 
groundwater contaminants in U.S. According to the National Priority List (NPL), TCE 
ranks first among the most common contaminants in US. PCE, DCE and VC lie within 
the top 33 of the most common contaminants in US [EPA, 2006]. Due to their 
carcinogenic properties abundance of PCE and its daughter products are a serious human 
health concern [Fan, 1988]. Possible health effects of exposure to chlorinated ethenes 
include birth defects, respiratory problems, liver damage, kidney problems, central 
nervous system disorders, and cancer [ATSDR, 2003]. VC is a proven carcinogen, 
whereas PCE and TCE are probable carcinongens [EPA 2006]. EPA started to regulate 
the chlorinated solvents after the Safe Drinking Water Act of 1986 was passed. The 
Maximum Contaminant Level (MCL) of PCE is 0.005 mg/L according to EPA standards. 
They also set MCLs for other chlorinated solvents. 
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Table 1.1: Potential health effects of chlorinated solvents 
Contaminant Potential health effects 
from ingestion of water 
Sources of contaminant in 
drinking water 
PCE Liver problems; increased 
risk of cancer 
Discharge from factories and 
dry cleaners 
TCE Liver problems; increased 
risk of cancer 
Discharge from metal degreasing 
sites 
cis-1,2 DCE Liver problems Discharge from industrial 
chemical factories 
Trans-1,2 DCE Liver problems Discharge from industrial 
chemical factories 
VC Increased risk of cancer Leaching from PCE pipes 
In the last 50 years the Department of Defense (DOD) has identified numerous sites 
which are contaminated by PCE, TCE, and other chlorinated organic compounds 
[Campbell, 2002]. Due to the carcinogenic properties of these compounds it is very 
important to remediate the sites affected and bring the concentration below the MCL. 
Various conventional treatment processes like Pump and Treat, Air Sparging can be used 
to meet this goal, but the huge cost and complexities associated with them are forcing 
scientists to find cost effective alternative remedial technologies.   
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1.2 Conventional Treatment Methods: 
The two main aspects of groundwater treatment related to chlorinated compound 
contamination are cleaning up the subsurface source zone and the groundwater plume. 
Several conventional methods can be used to achieve this goal, each having its own 
advantages and disadvantages.  
Pump and Treat and cut-off wall enclosures are proven technologies for source-
zone containment. New technologies like flushing technique using steam, air, surfactants, 
co-solvents, chemical oxidation, and chemical reductive dehalogenation are also being 
used to treat groundwater contaminated with chlorinated solvents. In North America 
many DNAPL source zones were controlled by Pump and Treat methods [Pankow and 
Cherry, 1996]. But the long-term costs of this method are very large. Also, it can take 
decades to clean the source zone. But still, high degree of control over the source zone 
can be achieved by this method [Masters, 1998]. Another method to destroy or 
immobilize contaminants using reactive media is in-situ treatment curtain and the funnel 
and gate system. But still high initial installation cost and long term maintenance and 
monitoring cost is associated with the process. Another technology used to treat 
contamination during late 1980s and early 1990s was soil vapor extraction (SVE). This 
method was not very successful for restoration to normal clean-up standards. In-situ mass 
removal and mass destruction are used in places where pump and treat or other methods 
are not so useful. Mass removal technologies include circulating steam or water 
containing chemical additives through the DNAPL zone. For in-situ mass destruction 
 6
chemicals are mixed with water that is injected into the DNAPL zone. Air Sparging is 
another method for restoring solvent DNAPL sources, where air is injected into the 
aquifer below or within the DNAPL zone [Pankow and Cherry, 1996].  
But all the above processes, apart from other disadvantages are costly and need 
long-term monitoring. Also they just send chlorinated solvents to a different medium or 
confine them to a certain area. Complete destruction of harmful chlorinated solvents is 
not achieved. So, current research is focusing on finding a cost-effective alternative 
remediation process. Out of the various new approaches, restorations of aquifers by in-
situ microbiological processes are getting very popular.  
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2: Background 
2.1 Introduction 
Wetlands are areas where saturation with water is the dominant factor in determining the 
nature of soil development and the types of plant and animal communities living in the 
soil and on its surface [Cowardin, 1979]. Wetlands vary widely because of regional and 
local differences in soils, topography, climate, hydrogeology, water chemistry, vegetation 
and some other factors. According to the Clean Water Act (1972) [Sullivan, 2005], 
wetlands are “areas that are inundated or saturated by surface or groundwater at a 
frequency and duration sufficient to support, and that under normal circumstances do 
support, a prevalence of vegetation typically adapted for life in saturated soil 
conditions”. As such, wetlands are areas where water covers the soil, or the water table is 
present either at or near the ground surface of the soil all year, or for varying duration 
during the year, including during the growing season. Wetlands generally include 
swamps, marshes, bogs and similar areas. Water saturation largely determines the kind of 
soil, plant and animal communities in the wetland. Prolonged presences of water in the 
wetland, favors growth of specially adapted plants (hydrophytes), and promote the 
development of characteristic wetland soil also known as hydric soils which is 
characterized by an abundance of organic matter, and which results in lack of free oxygen 
in the pore water some or all of the time, therefore creating a “reducing environment”. 
Adaptation to low soil oxygen characterizes most of the wetland plant species.  Wetlands 
often host considerable biodiversity [Handbook of Constructed Wetlands, EPA 2005]. 
There are different kinds of wetlands found in the environment. A bog or muskeg is 
acidic peat land. A moor was originally the same as a bog but has come to be associated 
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with hydric soil type on hill-tops. A moss is a raised bog in Scotland. A fen is a 
freshwater peat land with groundwater geochemistry at near basic condition. A carr is fen 
which has developed to the point where it supports trees. The main feature of freshwater 
marsh is its openness, with low growing emergent plants. A swamp is a wetland with 
more open water surface and deeper water than a marsh. A mangrove swamp or mangal 
is a salt or brackish water environment dominated by the mangrove species of tree 
[Handbook of Constructed Wetlands, EPA 2005]. 
2.1.1 Natural and Constructed Wetlands: 
Natural wetland systems have often been described as the “earth’s kidneys” because they 
filter pollutants from water that flows through on its way to receiving lakes, 
streams and oceans. Because these systems can improve water quality, engineers 
and scientists construct systems that replicate the functions of natural wetlands. 
Constructed wetlands are treatment systems that use natural processes involving wetland 
vegetation, soils, and their associated microbial assemblages to improve water quality 
[EPA, 2004]. 
According to their mode of origin wetlands can be classified into two broad groups:  a) 
Natural wetlands (formed naturally) and b) constructed wetlands (created artificially by 
humans) [Handbook of Constructed Wetlands, EPA 2005]. Natural wetlands help 
cleaning up water as it flows through them. In the last few decades, constructed wetlands 
are increasingly being used to improve water quality due to point and nonpoint source 
pollution, including storm water run-off, domestic wastewater, agricultural wastewater 
and coal mine drainage. [EPA 2004] Constructed wetlands are also being used to treat 
petroleum refinery wastes, compost, and landfill leachates. Another common application 
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of constructed wetlands has been treatment of primary or secondary domestic sewage 
effluent.  Constructed wetlands can be sturdy effective systems, but proper design, 
construction, operation and maintenance is required for effectiveness. Constructed 
wetlands for water treatment are complex systems of water, plants, animals, 
microorganisms and the environment. The understanding of the working principle of 
natural wetlands helps in construction of artificial wetlands. The complex mass of 
organic and inorganic materials and the diverse opportunities for gas/water interchanges 
foster a diverse community of microorganisms that break down or transform a wide 
variety of substances. [Handbook of Constructed Wetlands, EPA 2005] Most wetlands 
support a dense growth of vascular plants adapted to saturated conditions. This type of 
vegetation can slow the movement of water, can create microenvironments within the 
water column and can create sites for microbial communities. Dead plant materials act as 
sources of carbon, nitrogen and phosphorus to promote microbial process. [Mitsch and 
Gosselink, 2000]. Wetlands can provide water quality improvement, flood storage and 
the regulation of storm rainfall and surface run-off, nutrient cycling, habitat for fish and 
wildlife, recreational activities, education and research, aesthetics and landscape 
enhancement [Williams, 1990; Brix, 1994].  
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2.1.2 Advantages of Groundwater Treatment by Wetlands 
Wetlands have the ability to degrade and sequester many water pollutants. Wetlands can 
slow down the velocity of water flowing through it. Suspended solids become trapped by 
vegetation or can settle down by gravity. Some pollutants can be transformed to less 
soluble forms and are lost to atmosphere by volatilization or plant uptake. Wetlands can 
also provide optimal conditions for microbial habitat that can perform complex functions 
and carry out reactions to degrade many contaminants [EPA, 2004]. 
Constructed wetlands work on the same principles as natural wetlands, the only 
difference being they are created artificially. A constructed wetland consists of a properly 
designed basin that contains water and, most commonly, vascular plants. Other important 
components of wetlands are microbes and aquatic invertebrates which can develop 
naturally after initial set up [Handbook of Wetlands, 2005]. The basic processes of 
groundwater clean-up by wetlands include the following: 
1. Removing of suspended particulate matter 
2. Filtration and chemical precipitation of pollutants through contact of the water 
with the plant litter 
3. Chemical transformation of pollutants 
4. Adsorption and ion exchange on the surfaces of plants, substrate, sediment and 
litter 
5. Breakdown and transformation of pollutants by microorganisms and plants 
6. Uptake and transformation of nutrients by microorganisms and plants 
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7. Predation and natural die-off of pathogens. 
According to the Handbook of Wetlands, constructed wetlands can be a likely alternative 
of treating waste water because they are very cost-effective. However they have some 
limitations. They require larger land areas than do conventional wastewater treatment 
systems. Efficiency varies with changing seasons and environmental conditions 
[Handbook of wetlands, 2005].  
Numerous research is still going on to better understand the role of wetlands in treating 
contaminated groundwater. However, use of constructed wetlands in treating 
groundwater contamination is getting popular as a cost effective remediation alternative. 
2.2 Biogeochemical Processes in Wetlands 
2.2.1 Aerobic respiration 
This includes respiration by plants and animals for release of energy from glucose or 
other substrates in the presence of oxygen. Strictly speaking aerobic means in air, but it is 
the ‘oxygen’ in the air which is required for aerobic respiration. Wetland soils generally 
are water-saturated, and lack free oxygen. Groundwater and aquatic sediments or wetland 
environments lack sunlight penetration that inhibits photosynthesis, and allow slow rate 
of oxygen diffusion while oxygen consumption by microorganisms continues [Chapelle, 
2001]. The amount of oxygen entering a wetland environment and the demand for 
aerobic respiration determines whether or not aerobic respiration is going to occur in the 
system. If the amount of oxygen entering exceeds the demand, an oxic zone will be 
created and aerobic respiration will continue. But if oxygen demand exceeds the available 
oxygen, an anaerobic environment will be created preventing aerobic respiration. Aerobic 
respiration in the wetland typically decomposes carbohydrates to CO2, water, and energy, 
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in the presence of oxygen and hydrogen ions as final electron acceptors [Kadlec and 
Knight, 1996]. 
2.2.2 Nitrate reduction 
Nitrogen occurs in several oxidation states under earth-surface conditions, from +V to 
−III, and its fixation from and loss to the atmosphere depend on transformations between 
these states. Because wetlands are the main reducing system in most landscapes and 
maintain the widest range of redox conditions of any ecosystem, they have a central role 
in the global nitrogen cycle. Wetlands are also important sinks for nitrate which under 
anoxic conditions is reduced to N2 by microbes in denitrification: 
5CH2O + 4NO3 + 4H+ → 2N2 + 5CO2 + 7H2O. 
Nitrate reduction by microorganisms for energy production (denitrification) occurs in 
series; NO3- NO2 – N2O – N2 [Chapelle, 2001, Mitsch and Gosselink, 1993]. Sequential 
nitrification/denitrification process in the constructed wetland may be the main 
mechanism for ammonium removal increased by the presence of plants in summer and 
reduced in cold winter because of decreased plant uptake [Riley et al., 2005; Stein and 
Hook, 2005]. 
There is a potential for Ces to serve as electron donors and be transformed in the 
rhizosphere with nitrate as the electron acceptor. [Dinglasan-Panlilio, 2006]. Complete 
degradation of 1,2-DCA to carbon dioxide was reported in anaerobic, nitrate reducing 
conditions. Nitrate reducing conditions prevail in the wetlands. There is a potential for 
the degradation of CEs under nitrate reducing conditions in the rhizospheric zones of 
wetland plants.  
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2.2.3 Iron reduction 
Iron reduction is another important chemical mechanism occurring in the wetland soils. 
Iron can exist mainly in two basic forms: water soluble reduced ferrous (Fe (II)) or 
immobile oxidized ferric (Fe (III)) oxyhydroxides, formed by the microbially catalyzed 
reactions under natural conditions. Some bacteria (Geobacters) are capable of reducing 
Fe (III) to dissolved Fe (II) in anaerobic environments. The source of energy for growth 
of Fe-oxidizing bacteria can be derived from the equation below [Mitsch and Gosselink, 
1993]: 
4Fe2+ + 4H+ + O2  4Fe3+ + 2H2O  
In environments that are iron-rich, Fe(III) reducing bacteria can out compete sulfate 
reducing and methanogens for organic substrate [Lovely, 1991]. The dominant 
mechanism of Fe (III) reduction was the direct microbial reduction coupled to organic 
carbon oxidation [Roden and Wetzel, 1996]. Microbial Fe (III) reduction is generally 
higher in the rhizosphere [Weiss et al; 2004]. Higher densities of Fe (III) reducing 
bacteria have been recorded in rhizospheric zones due carbon availability. The surface of 
plant roots is often coated with Fe-plaque (Fe dominated crust which is composed of Fe 
(III) oxides deposited by abiotic and biotic oxidation by Fe (II) oxidizing bacteria). Roots 
also acts as a source of compounds that can act as electron donors in the enzymatic Fe 
(III) reduction. Fe (III) reduction is greatest in early summer and decreases in late 
summer and winter [Neubauer et al; 2005]. Microbial Fe (III) reduction can suppress both 
sulfate reduction and methane production. [Kostka, 2002; Neubauer, 2005; Frenzel, 
1999]. Iron reducing bacteria can out-compete sulfate reducers and methanogens for 
organic substrate. Geobacter a class of bacteria is reported to be capable of degrading 
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aromatic hydrocarbons. [Lovley, 1994]. CE oxidation coupled with Fe (III) reduction can 
be an effective pathway for contaminant degradation.[Bradley and Chapelle, 1996]. VC 
mineralization was reported in some literatures under Fe (III) reducing conditions. The 
rhizosphere of wetland plants can be a favorable site for VC and also possibly for cis-1,2-
DCE mineralization coupled with Fe (III) reduction.  
2.2.4 Sulfate reduction 
Sulfate reduction starts when iron reduction has ceased to occur. Microorganisms reduce 
sulfate to sulfide and further to sulfur for protein synthesis through the process of 
assimilatory sulfate reduction under both anaerobic and aerobic conditions [Chapelle, 
2001]. Dissimilatory sulfate reduction (DSR) processes use sulfate as terminal electron 
acceptor in strictly anaerobic oxidation of organic carbon and hydrogen to produce 
hydrogen sulfide.  
Sulfate reduction is a fundamentally important process in the wetlands. Sulfur is one of 
the ten most abundant elements in the earth’s crust. The rhizospheric zone of wetland 
plants helps in the cycling of sulfur. Hydrogen sulfide is changed to sulfate by oxidation 
by the oxygen released by the roots of the wetland plants. The sulfate thus produced was 
reduced by the microbes in the anaerobic zones or was removed by plant uptake 
[Conrad]. The sulfate reducing bacteria grow on substrates like formate, acetate, lactate 
and hydrogen. So the sulfate reducing bacteria are dependent on the fermentative bacteria 
to supply them with the substrates they need for their metabolism [Chapelle, 2002]. 
Desulfovibrio by far is the most studied sulfate reducing bacteria. They can reduce sulfate 
by lactate metabolism. In the reaction, sulfate acts as an electron acceptor and lactate and 
other organic matter is the electron donor. 
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There is a chance of sulfate reduction to be coupled with oxidation of chlorinated 
hydrocarbons. The hydrocarbon act as the electron donor in this case. Cis-DCE and VC 
was observed to be biodegrading under sulfate reducing conditions in some studies 
[Bradley, Chapelle 1996]. Thus wetlands where sulfur is abundant, such as salt marshes, 
sulfate reduction coupled with oxidation of cis-DCE and VC can be a dominant pathway 
in chlorinated ethene degradation.  
2.2.5 Methanogenesis 
Methanogenesis is the process of formation of methane and carbon dioxide by biological 
processes carried out by a class of bacteria known as methanogens. A methanogen is a 
single celled microorganism that produces methane and carbon dioxide and they are 
members of the Archaea and are unique because they rely on simple organic compounds 
like acetate and hydrogen for energy. Methanogenic microorganisms produce CH4 by the 
fermentation of simple organic carbon compounds or oxidation of H2 under anaerobic 
(without oxygen) conditions with the production of CO2. Methanogenic conditions 
prevail in many contamination plumes after all other electron acceptors (O2, NO3 -, Fe3+, 
and SO4 2-) have been used up by other members of the subsurface microbial community. 
Methanogenesis in microbes is a form of anaerobic respiration. Methanogens do not use 
oxygen to breathe; in fact, oxygen inhibits the growth of methanogens. The terminal 
electron acceptor in methanogenesis is not oxygen, but carbon. The carbon can occur in a 
small number of organic compounds, all with low molecular weights. Methanogenesis is 
the final step in the decay of organic matter. During the decay process, electron acceptors 
(such as oxygen, ferric iron, sulfate, nitrate, and manganese) become depleted, while 
hydrogen and carbon dioxide accumulate. Light organics produced by fermentation also 
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accumulate. During advanced stages of organic decay, all electron acceptors become 
depleted except carbon dioxide. Carbon dioxide is a product of most catabolic processes, 
so it is not depleted like other potential electron acceptors. 
Only methanogenesis and fermentation can occur in the absence of electron acceptors 
other than carbon. Fermentation only allows the breakdown of larger organic compounds, 
and produces small organic compounds. Methanogenesis effectively removes the semi-
final products of decay: hydrogen, small organics, and carbon dioxide. Without 
methanogenesis, a great deal of carbon (in the form of fermentation products) would 
accumulate in anaerobic environments. 
2.2.6 Thermodynamics 
The basis of thermodynamics lies in the fact that energy can either be lost or gained in 
any chemical reactions. All chemical reactions that take place follow the laws of 
thermodynamics. Similarly, all the biogeochemical reactions taking place in the wetlands 
follows the rules of thermodynamics. As such all these reactions are involved with 
release or absorbing of energy. According to thermodynamics, Gibbs free energy is the 
term used to quantify the energy involved in a reaction. It measures the “useful” or 
process-initiating work obtainable from an isothermal thermodynamic system. Gibbs 
energy also called available energy is the chemical potential that is minimized when a 
system reaches equilibrium at constant temperature and pressure. The amount energy in 
an oxidation-reduction reaction as such depends on the available electron donors and 
acceptors. Aerobic respiration has the highest value for Gibbs free energy and thus out 
competes all other reactions. In wetlands, aerobic respiration reactions will occur other 
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varying depth in the soil columns can also be explained by the above figure and concepts 
of Gibbs free energy. 
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2.3 Chlorinated Ethene Degradation 
2.3.1 Natural Attenuation: 
EPA defines natural attenuation processes as all those processes that “include a variety of 
physical, chemical, or biological processes that, under favorable conditions, act without 
human intervention to reduce mass, toxicity, mobility, volume, or concentration of 
contaminants in soil or groundwater” [EPA, 1999]. The major processes associated with 
natural attenuation are dilution, dispersion, sorption, volatilization and biotic 
transformation [Wiedemeier et al; 1999]. Out of all these processes, biodegradation is a 
major mechanism as it destroys the contaminant mass completely producing harmless 
end products. Other processes such as sorption, dilution or volatilization only reduce the 
concentration of contaminants or just transfers them to a different media. Natural 
attenuation occurs in all places. But the rates vary, depending on certain factors like soil 
characteristics, presence of right kind of microbial community, kind and concentration of 
contaminants, etc. Natural attenuation reduces the cost of remediation to a great extent. 
There is no need of costly equipments or manpower in implementing natural attenuation 
at contaminated sites. However the process, being natural, is sometimes too slow and 
depends on various other natural factors which can sometimes cause hindrance to it. 
Before implementing natural attenuation in a site, a very detailed site characterization 
needs to be done. The hydrologic, geochemical and biological conditions of the site 
should be assessed properly before implementing natural attenuation.  
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2.3.2 CE Phytoremediation 
In phytoremediation plants take an active role to degrade or control various kinds of 
contaminants from soil, sediments, groundwater, surface water and air. Plants roots can 
create aerobic microenvironments within the subsurface. Various types of aerobic and 
anaerobic microbial degradation can take place under the influence of plants which, in 
turn, can degrade chlorinated solvents. Radial oxygen loss (ROL) from the roots of some 
wetland plants transports oxygen into the rhizospheric zone of plants [Armstrong et al; 
2000]. In this zone co-metabolism could take place degrading chlorinated solvents. The 
rhizosphere is a zone rich in microorganisms, biomass, organic substrates (carbohydrates, 
enzymes, amino acids) which microbes can utilize [RTDF, 2005]. Rhizospheric zones 
can contain many times more microbes than found in non-vegetated soils [Walton 2004]. 
A study showed that the TCE degradation rate was higher in the rhizospheric zone of 
vegetated soil in comparison to that in non-vegetated soils [Walton and Anderson, 1990]. 
However this oxygenated zone extends only for a few millimeters and, after that, soil 
becomes anaerobic. But this also helps in reductive dechlorination of PCE under 
anaerobic and reducing conditions [Vogel and McCarty, 1985]. The group of microbes 
known as Dehalococcoides can degrade PCE completely to ethane under anaerobic 
conditions [Smidt and Vos, 2004].  
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              Fig 2.2: Different kinds of phytoremediation reactions [Schnoor et al. 1995] 
Phytoextraction is another pathway for degradation of chlorinated solvents. It is simply 
the uptake of contaminants by plants. Plants with abundant root hairs will absorb more 
contaminants due to higher contact area. After uptake the plants turn the contaminants 
into soluble forms through a series of biologic reactions and ultimately are absorbed into 
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plant body [Cunningham et al; 1997]. Also some of the chlorinated volatiles are sent to 
the atmosphere from the plant tissues through the plant transpiration process. This is 
known as phytovolatilization.  
All these processes of phytoremediation are highly variable and depend on a number of 
factors like plant type, soil type, and organic content of soil, pH, water content and many 
more. So it is very likely the rate of degradation of chlorinated solvents will be dependent 
on the plant type used for remediation [Shann and Boyle, 1994].  
2.3.3 CE Biodegradation: 
Halogenated organic compounds are the most problematic pollutants. The high 
electronegativity of halogens often confers chemical stability to these compounds making 
them recalcitrant to biodegradation [Mohn, 2004]. The potential for bioremediation 
requires that a halo-organic compound can be biodegraded, partly or completely 
destroyed by metabolism. Micro-organisms have a potential to degrade a number of 
chlorinated halogenated organic compounds. Micro-organisms have shown remarkable 
capacity to biodegrade such compounds. Chlorinated ethenes are subjected to a variety of 
microbial biodegradation processes, including reductive dechlorination [Vogel and 
McCarty, 1985; Odum et al., 1995], aerobic oxidation [Davis and Carpenter, 1990], 
anaerobic oxidation [Bradley and Chapelle, 1996] and aerobic co-metabolism [McCarty 
and Semprini, 1994; Semprini, 1995]. The way that these different processes combine in 
groundwater systems determines the efficiency of biodegradation [Chapelle, 2001]. 
Several studies have demonstrated in situ degradation of PCE and TCE in shallow 
aquifers and wetlands. Field studies have demonstrated effective in situ bioremediation of 
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PCE [Buchanan et al; 1995]. A sequential anaerobic-aerobic system was found to be very 
effective in chlorinated ethene degradation [Spuij et al; 1997]. The degradation of alkyl 
halides under aerobic conditions is limited by the availability of particular degradative 
enzyme systems. Methane monooxygenase (MMO) is capable of oxidizing halogenated 
organic compounds like TCE, DCE and VC. Monooxygenase enzymes also degrade 
methane and/or ammonium in aerobic conditions [Yang et al; 1999]. Bacteria gains 
energy and carbon needed for their growth from this reaction. Certain methanotrophic 
bacteria like, Methylococcus capsulatus used this enzyme to degrade TCE, DCE and VC 
into carbon dioxide [Fogel et al; 1986]. Methane and oxygen are two necessary 
ingredients for this reaction to take place [Fogel; 1986].  
Biodegradation is an important mechanism in cleaning up groundwater contaminated 
with chlorinated solvents. In the past few decades much research has been done to 
understand the mechanism of biodegradation in more detail and apply them in clean-up 
of effected sites. 
CE Degradation: Chlorinated ethene can degrade following a number of transformation 
pathways. There are two main transformation pathways for Ces: Reductive 
Transformations and oxidative transformations. Reductive transformation also known as 
‘Reductive Dechlorination’ requires an electron donor, typically H2 and an electron 
acceptor (CE). There are two main pathways for reductive transformations: 
Hydrogenolysis (one chlorine atom removed in each step) and β−dichloroelimination 
(two adjacent chlorine atoms removed simultaneously). Oxidative transformation of Ces, 
on the other hand requires electron acceptor (common TEAPs for microbial processes). 
Oxidation can be anaerobic, aerobic or cometabolic.  
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Reductive Dechlorination of CEs. Chlorinated hydrocarbons are oxidized compounds and 
can act as oxidants (electron acceptors) in microbial metabolism [Vogel et al; 1987]. In 
reductive dechlorination, molecular hydrogen reacts to replace a chlorine atom from a 
chlorinated ethene molecule [Chapelle, 2001]. This reaction is also sometimes referred to 
as chlororespiration as some micro-organisms uses this process to support their 
respiration. For chlorinated ethenes the reaction rate for reductive dechlorination 
decreases with decreasing number of chlorine atoms present in the molecule [Bouwer, 
1994; McCarty and Semprini, 1994]. PCE readily undergoes reductive dechlorination to 
form TCE under anaerobic conditions. The process is inhibited by the presence of 
oxygen, as it is a stronger oxidant than PCE [Vogel et al; 1987]. The rate of reductive 
dechlorination of TCE is slower than that of PCE and takes place under Fe (III)-reducing, 
sulfate-reducing, and methanogenic conditions. DCE is produced as the daughter product 
of reductive dechlorination of TCE. DCE again dechlorinates reductively to form VC, the 
rate being even slower. At least sulfate reducing conditions is necessary for reductive 
dechlorination of DCE to take place [Chapelle, 1996; Vogel et al; 1987]. However in 
methanogenic conditions the reaction occurs more readily. VC, the least oxidized 
chlorinated member of the sequence, produces nonchlorinated ethene under highly 
reducing methanogenic conditions [DiStefano et al; 1991; Freedman and Gossett, 1989], 
the reaction rate being extremely slow.  Often cis-DCE and VC accumulation in 
groundwater is noticed due to incomplete reductive dechlorination. This occurs due to 
decreasing reductive potential with lesser number of chlorine atoms in the molecule.  
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      Fig 2.4: PCE is degrading to TCE by reductive dechlorination reaction [Schmit and 
Voss, 2004] 
These micro-organisms are also known as halorespirers, which use chloroethenes as sole 
terminal electron acceptors. Although there are many halorespirers capable of reducing 
PCE or TCE to DCE, only Dehalococcus ethenogenes can completely degrade PCE to 
ethene. Complete reductive dechlorination is to ethene is rare due to low electron donor 
availability. But still combination of reductive dechlorination with other aerobic 
mechanisms can naturally attenuate chlorinated ethene contaminated ground water 
[Chapelle, 1996].  
Apart from the Hydrogenolysis pathway CE can also degrade by the 
β−dichloroelimination pathway. In this case the following degradation sequence is 
observed; however, the products are very unstable and difficult to detect. 
PCE Dichloroacetylene Chloroacetylene  Acetylene.  
Oxidative Degradation of CEs. In the oxidation process the contaminant is used as an 
energy source by the microbe. In case of chlorinated halogenated compounds two kinds 
of oxidation reactions are notices, aerobic oxidation and anaerobic oxidation. The 
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potential for reductive dechlorination of PCE decreases with decreasing number of 
chlorine atoms, in the molecule. There is more chance of oxidation reaction taking place 
and degrading the contaminants as a result [Vogel et al; 1987]. VC being the least 
chlorinated member of the reductive dechlorination sequence of PCE has the greatest 
tendency to undergo oxidation. Many studies have shown rapid microbial degradation of 
VC, including mineralization, both in laboratory cultures and aquifer samples [Davis and 
Carpenter, 1990; Bradley and Chapelle, 1996]. Under aerobic conditions VC can be used 
as a sole carbon source for growth and metabolism [Hartmans et al; 1985]. Aerobic 
oxidation of DCE although occurs does not support microbial growth [Bradley and 
Chapelle, 1999]. In many sites contaminated with PCE, complete reductive 
dechlorination to ethene was not happening. Accumulation of DCE and VC was often 
noticed. But aerobic oxidation of DCE and VC can be stimulated by providing a source 
of oxygen, and thereby bringing complete reductive dechlorination of PCE and cleaning 
up the sites. In the rhizospheric zone of wetlands plant roots tiny aerobic micro-
environments exist. This aerobic zone can be helpful in degrading DCE and VC by the 
aerobic oxidation pathway.  
Recently in some studies anaerobic oxidation of DCE and VC has also been recorded 
[Bradley and Chapelle, 1996]. Anaerobic oxidation of VC and to certain extent DCE can 
occur under Fe (III) reducing conditions. Fe (III) being a strong oxidant can oxidize VC 
and DCE to carbon dioxide. This reaction was also recorded to occur in sulfate reducing 
conditions and in a few cases even in methanogenic conditions. Humic acids could serve 
as an electron acceptor for VC and DCE. An intermediate for VC mineralization under 
methanogenic conditions is acetate. After the acetogenic bacteria transform VC to 
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acetate, it is readily oxidized to carbon dioxide by a number or terminal electron 
accepting processes [Chapelle, 2001]. Acetogenic fermentation of VC under anaerobic 
condition can produce carbon dioxide. VC can also be directly oxidized by respirative 
nitrate-reducing, manganese-reducing, iron-reducing or sulfate-reducing bacteria. 
Whatever the process, oxidation is a very important step in complete biodegradation of 
PCE in contaminated sites.  
Chlorinated ethenes can act as electron donors and undergo oxidation under various 
conditions. The rate or potential of oxidation however is dependent on the nature of the 
compound itself. The less the number of chlorine atoms in a compound, the more readily 
it will undergo oxidation. As such VC can undergo oxidation more readily than does 
DCE [Vogel and McCarty, 1985]. CO2 mineralization is noticed in wetlands as a product 
of oxidation of CEs. There are certain enzymes produced by the micro-organisms as a 
result of oxidation which help in the mineralization process [Vogel and McCarty, 1985]. 
Enzymes like monooxygenase can introduce molecular oxygen into CEs and can catalyze 
their degradation by oxidative pathway [Fetzner and Lingens, 1994]. Although in some 
cases the same enzyme can help in complete oxidation of CEs, a combined action of 
many enzymes is required for other conditions.  
Oxidation of CEs can occur in either aerobic or anaerobic conditions. In anaerobic 
conditions where oxygen is depleted, other oxidized inorganic compounds like Nitrate, 
Fe (III), and Sulfate can act as electron acceptors [Bouwer, 1994]. Reduction of these 
electron acceptors can be linked with oxidation of CEs in anaerobic conditions. In aerobic 
conditions, oxygen released by plant roots can react directly with the CEs and degrade 
them by the oxidative pathway [Bhatt, 2007]. Oxidation of CEs in the aerobic zones can 
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occur by two main pathways: metabolic and co-metabolic. In metabolic reactions the 
microorganisms uses the CEs as the only source of carbon, required for their energy and 
growth. In co-metabolic pathway the organisms do not get any energy from the CEs but 
produce some oxygenases that can oxidize the CEs. Hence, in the co-metabolic pathway 
a substrate which the microorganism can use for growth is needed [Bradley, 2000].  
Co-metabolic Degradation of CEs.  Co-metabolism is another very important process in 
microbial degradation of chloroethenes in groundwater systems. This process is also 
known as co-metabolic oxidation. Some methanotrophic or methane oxidizing bacteria 
can oxidize TCE to carbon dioxide under aerobic conditions. Recently, many 
microorganisms have been identified which can oxidize TCE, DCE and VC to carbon 
dioxide [Fathepure et al; 2005, Hartmans et al; 1992 Danko et al; 2004]. Co-metabolism 
can sometimes also occur under anaerobic conditions. However, co-metabolic 
degradation of TCE, DCE and VC under aerobic conditions occurs more readily. This 
degradation is facilitated by certain enzymes, which the microbes produce to aid in their 
metabolism. The organism receives no energy or other benefits from this process 
[Wiediemer et al; 1997]. These enzymes are capable of breaking the carbon-chlorine 
bond in the chlorinated solvent molecule and help in their degradation. Aerobic co-
metabolism of chloroethenes required the presence of oxygen and a primary substrate to 
initiate the production of a suitable oxygenase [Chapelle, 2001]. Co occurrence of 
methane and oxygen in groundwater systems is rare. Artificial co-metabolic oxidation 
can be stimulated by injecting methane together with oxygen in groundwater systems 
[Semprini et al; 1990]. In wetlands, coexistence of methane and oxygen is possible in 
certain zones. Co-metabolic oxidation can occur, to degrade TCE, DCE and VC to carbon 
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dioxide in these zones. Higher rates of aerobic biodegradation of DCE and VC than those 
of TCE and PCA were noticed in the wetland of Aberdeen Proving Ground, Maryland. 
This agrees with other laboratory and field studies which show faster degradation by 
methane utilizing cultures when compounds are less halogenated. Aerobic biodegradation 
of DCE and VC coincided with periods of methane consumption. These indicated 
methanotrophic activity is required for aerobic biodegradation of chlorinated ethenes 
[Lorah and Olsen, 1997].  Co-metabolism is another important process in bringing 
complete degradation of PCE. 
Co-metabolic oxidation is an effective pathway for CE degradation. Although the 
organisms receive no energy from the CEs in this pathway and there are other limitation 
like growth substrate competition and enzyme inactivation, still is very useful in CE 
degradation [Anderson, 1997]. Presence of growth substrates from which the 
microorganism receives energy is necessary for co-metabolic reactions to take place. 
Methane, propane, propene, isoprene, ethene, toluene, ammonia, VC and many others can 
act as growth substrates for microorganisms [Alvarezcohen, 1991, Shields, 1989, 
Anderson, 1994]. Ready availability of these substrates, especially methane and ammonia 
in the rhizosphere of wetland plants makes them potential sites for CE degradation by co-
metabolic degradation pathway. 
There is abundance of labile organic material in the wetland soils. Methanogens can use 
this organic material for producing methane in the anaerobic environment of the 
wetlands. There are two main processes of methane production: Fermentation of acetate 
by acetotrophic methanogens and reduction of carbon dioxide by hydrogenotrophic 
methanogens. [Whalen, 2005]. Methanotrophic bacteria present in the rhizospheric zones 
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of wetland plants can consume the methane produced. In the process they produce an 
enzyme called methane monooxygenase (MMO), which is capable of CE oxidation. 
[Hanson, 1996; Bosse, 1998; Brune, 2000; Calhoun, 1997]. Several studies have reported 
evidence of methanotrophic bacteria helping in co-metabolic degradation of CEs the root 
zone of wetland plants. TCE has been widely reported to degrade co-metabolically by 
MMO producing methanotrophs. Co-metabolic oxidation of TCE is mainly an 
epoxidation process [Chang, 1995]. Other CEs like DCE and VC can also be oxidized co-
metabolically with the help MMO to produce carbon dioxide. [Guengerich, 1979, 
Janssen, 1988, Lauritsen, 1995]. CEs can also be transformed co-metabolically in the 
rhizospheric zone of wetland plants using ammonia as the growth substrate and oxygen 
as the electron acceptor. Although ammonia can be of limited availability in the wetlands 
due to uptake by plants, co-metabolic oxidation using ammonia as a growth substrate can 
be a potential pathway for CE degradation. [Koops, 2001; Yang, 1999; Kocamemi, 
2005]. Nitrosomanas europaea has been reported to oxidize co-metabolically a number 
of compounds including TCE, DCE and VC. [Rasche 1991; Arciero, 1989; Yang, 1999; 
Kocamemi, 2005;]. CEs can also be co-metabolically degraded using phenolic 
compounds as growth substrate and oxygen as the electron acceptor, as reported in some 
literature [Chen, 2004]. Ethene often formed in the wetland environments can also serve 
as primary substrates for the co-metabolic degradation of DCEs and VC. [Freedman, 
1996; Koziollek, 1999].  
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Chlorinated Ethene Degradation in Wetlands. Recent research has been focused on the 
capability of wetlands to treat contaminated groundwater. The pioneers in this field are 
Michelle M. Lorah [Lorah and Olsen, 1999]. Their research in the freshwater tidal 
wetland at Aberdeen Proving Ground in Maryland clearly showed that TCE and PCA 
contaminated groundwater can be treated by wetlands. Degradation of these contaminants 
occurred in the wetland with simultaneous formation of daughter products such as DCE 
and VC [Lorah and Olsen, 1999]. They indicated that wetlands can be used in 
remediating contaminated groundwater. Several methanogenic microbial populations 
were identified within the wetland soils of the area [Lorah and Voytek, 2004]. Rapid 
natural attenuation was observed as the contaminated groundwater plume passed through 
natural wetland sediments. Constructed wetlands can also treat water impacted with 
dissolved toxic metals and sulfate-rich acid mine drainage [Ngwenya, 2004]. Wetlands 
also create aerobic and anaerobic zones in close proximity to each other. This can be 
helpful to degrade PCE, which requires alternating anaerobic and aerobic zones for its 
complete degradation. Reductive dechlorination of chlorinated solvents is commonly 
linked to utilization of molecular hydrogen as an electron acceptor by dehalorespiring 
bacteria [Ballapragada et al. 1996; Kassenga et al; 2004].  There is competition among 
the different microbial groups for available hydrogen. In anaerobic systems hydrogen can 
control the reductive dechlorination of chlorinated organic compounds [Hoehler et al; 
1998]. Vertical flow wetlands can make better use of this anaerobic condition and as such 
are more efficient than horizontal flow wetlands in degrading chlorinated solvents [Reed 
et al; 1995].  
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CE Degradation Potential in Plant Roots. Apart from reductive dechlorination in the 
anaerobic zone of wetlands or oxidative degradation processes in near surface areas there 
is one more area where CE degradation can occur effectively. Root zone of wetland 
plants can be effective in promoting oxidative degradation of chlorinated ethenes like 
TCE, DCE or VC. Rhizospheric zones of wetlands are characterized by radial oxygen 
loss (ROL), which creates oxic micro-environments within the wetlands. These oxic 
zones are potential sites for oxidative degradation of PCE daughter products.  
Wetland plants are characterized by a special kind of tissue which can effectively 
transport oxygen from leaves to the roots [Mitsch and Gosselink, 2000]. Some of this 
oxygen can enter the soil, by leakage through roots which is commonly known as ROL. 
Besides providing oxygen plant roots also adds organic matter to soil by exudation of 
carbon compounds [Hinsinger, 2006].This organic matter acts as substrates for a number 
of chemical processes like fermentation or Methanogenesis. Thus plant roots can affect 
the redox conditions in a wetland system [Colmer, 2003; Armstrong et al; 2000]. Root 
exudates can also act as a substrate for sulfate reduction, iron reduction and nitrate 
reduction reactions. Thus the activities of wetland plants can affect directly or indirectly 
the oxidative breakdown of chlorinated ethenes. Chlorinated aliphatic compounds can be 
degraded in the oxygenated zones created by the plant roots by metabolic or cometabolic 
pathways. In metabolic reactions microbes use chlorinated compounds as the sole energy 
source. Chlorinated compounds act as the electron donor where as oxygen acts as the 
electron acceptor. However PCE or TCE is not degraded by this mechanism. Only DCE 
and VC have been reported to degrade by metabolic reactions like this. TCE however can 
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be degraded co-metabolically by certain methanotrophic or methane oxidizing bacteria. 
This degradation is facilitated by certain enzymes, which the microbes produce to aid in 
their metabolism. The organism receives no energy or other benefits from this process 
[Wiediemer et al. 1997]. These enzymes are capable of breaking the carbon-chlorine 
bond in the chlorinated solvent molecule and help in their degradation. 
Thus plant roots can serve an important role in the degradation of chlorinated ethenes. 
2.4. CE Degradation in WPAFB Treatment Wetland 
A wetland was constructed on September 2000 at Wright Patterson Air Force Base in 
Dayton, Ohio to study the potential of wetlands to degrade the chlorinated solvent 
contaminated groundwater. Several research projects are being done in the wetland to 
understand the biogeochemical processes associated with the degradation of PCE. 
Efficiency of wetlands in degrading PCE, effects of plants and season on the removal rate 
and chemical processes going on in the system were the major interests of research. This 
treatment wetland showed that PCE was degrading with simultaneous formation of 
daughter products like TCE, DCE, VC and Ethane. To check the field data and better 
understand the degradation processes, the mesocosms in the greenhouse of Wright State 
University were constructed. 
2.4.1 Treatment Wetland Design 
The wetland (120 ft x 60 ft x 6 ft deep) was constructed over a PCE contaminated 
aquifer. Impermeable geomembrane liners were used to cover the bottom and sides of the 
wetland to ensure no seepage of contaminated water back into the groundwater aquifer 
and to avoid a by-pass of contaminant that could empty to the weir from the side leakages 
into the ditches. Sixty-six nests of piezometers were installed throughout the wetland, 
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each nest comprising three piezometers that infiltrate to a predetermined depth (9, 27, 45 
inch) of hydric soil layers as a sampling point. Contaminated groundwater from this 
aquifer is pumped into the bottom of the wetland through three parallel perforated PVC 
pipes installed nine inches into the coarse limestone gravel at the base of the wetland. A 
high pumping pressure from the pump house on site, permeable gravel layer and a liner 
restricting downward flow, all force the flow of water upward through 54’ sediment 
layers towards the surface. Once on the surface, decontaminated water flows into the 
ditches and finally to the weir at the end of the wetland, which empties to the city sanitary 
system. 
The cell imitated an upward vertical flow wetland. PCE contaminated groundwater was 
pumped into the base of the multilayered engineered wetland. The contaminated water 
when flowing upward came across anaerobic and aerobic environment and microbial 
communities which helped in the reduction of the contaminants. 
 
    Figure 2.5: Cross section of treatment wetland at WPAFB showing sampling layers, 
vegetation and water delivery systems [Amon et al; 2007]. 
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2.4.2 Previous Work 
Many studies have been done in the treatment wetland in WPAFB.  Entingh (2002) 
measured the hydraulic conductivity and characterized the groundwater flow in the 
wetland. He calculated a mean residence time of three days. Opperman (2002) studied the 
CE contamination levels in the cell. He showed that 98% PCE degradation was occurring 
when water flowed from influent to upper layer. Blalock (2003) carried on Entingh’s 
work. He however calculated a mean residence time of 1.6 days. He also suggested that 
water flow was not uniform throughout the cell. Clemmer (2003) also suggested around 
99% PCE degradation and formation of daughter products. Sobolewski (2004) indicated 
maturation of wetland efficiency and also recorded DCE and VC for the first time. 
Waldron (2007) confirmed occurrence of PCE degradation and anaerobic reductive 
dechlorination sequence of PCE to ethane is occurring in the system. Lach (2004) studied 
the biogeochemical processes and effects of season in the wetlands. He correlated PCE 
degradation with sulfate and nitrate reduction. 
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2.5 CE Degradation in Greenhouse Reactors  
2.5.1. Previous Work: 
Apart from the researches done in the wetland some studies have also been done in the 
greenhouse mesocosms of WSU. Yan (2006) was the first to study the efficiency of three 
wetland plant species in PCE degradation. He built the column reactors and planted them 
with three kinds of wetland plants. The reactors simulated conditions similar to the 
treatment wetland in WPAFB. Yan examined the PCE degradation and some other 
biogeochemical aspects. He demonstrated that ‘sulfate reducing’ and ‘methanogenic’ 
conditions may prevail throughout the column reactor. These conditions can support PCE 
degradation in the reactors. His results indicated dramatic differences in methane 
concentrations between planted and control reactors. He also detected TCE accumulation 
in control reactors. However he did not detected any other daughter products like cis-
DCE, trans-DCE or VC. A companion study was done in the greenhouse mesocosms by 
Tritschler (2007). Her study focused on the electron-accepting conditions and the effects 
of vegetation (roots) on redox and non-redox processes in wetland soil. She opined 
Ammonia is an important constituent in the pore-water that shows distinctly different 
behavior in planted and control reactors. Iron cycling was a key process in plant roots, 
which can support oxidizing conditions in shallow zone. 
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2.5.2 Motivation for Study 
My research is a follow up of the previous research done in the greenhouse. My study 
characterized the biogeochemical processes causing the degradation of PCE. Seasonal 
variations in the degradation efficiency of PCE by the plants were also studied. Also 
differences in degradation potential among planted and unplanted reactors were studied. 
A special attention was given to understand the rhizospheric processes and radial oxygen 
loss in the planted reactors. The effect of this on the geochemical processes was also a 
major interest of study. It was my hypotheses that more oxygen was available in the plant 
roots during summer months when plants were more active. This, in turn, causes more 
aerobic oxidation of daughter products of PCE viz. TCE, DCE and VC.  Thus we expect 
lesser concentrations of these products in the summer months when compared to winter 
months. 
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2.6 Research Goals and Objectives 
 Most previous work in the constructed wetland at WPAFB showed that the wetland was 
able to degrade PCE and its daughter products. This study was a simulation of the 
constructed wetland at WPAFB under laboratory settings. Nine planted reactors and three 
unplanted control reactors were built to study the degradation potential of PCE under 
vegetative and microbial influence. PCE was injected into the system and the effect of 
plant, microbes and season was studied. An effort was be made to understand the various 
biogeochemical processes in the system. Variations in the degradation efficiency with 
changing seasons and plant types were also are studied. The following research 
objectives are investigated. 
1. What are the major degradation processes occurring in the system that are 
facilitating the degradation of PCE and its daughter products? 
2. Is there any seasonal variation in the degradation of PCE? 
3. Are the results consistent with trends observed in the constructed wetland at 
WPAFB? 
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3: Materials and Method 
3.1 Materials 
The chemicals used were as follows: PCE (99.9+%, HPLC grade, Sigma Aldrich), TCE 
(99%, Sigma Aldrich), cis-DCE (99%, Sigma Aldrich), trans-DCE (99.7%, Acros 
Organics), VC (10 ppm, Scott specialty gases), ethene (compressed, Air Products and 
Chemicals, Inc.), ethane (CP grade, Air Products and Chemicals, Inc.), nitrogen (zero 
grade, Matheson Gas Products, Inc.), methane (98%, Specialty Gas Corp.). 
3.2 Experimental Design  
Twelve column reactors, or mesocosms, were constructed in May 2005 [Yan, 2006] to 
investigate the microbial and vegetative biogeochemical processes that can facilitate 
degradation of perchloroethene (PCE) and its daughter products (Figure 3.1). The 
upward-flowing column reactors were constructed in May 2005 [Yan, 2006] from PVC 
pipe (schedule 40), 6” in diameter and 60” in height, with a total internal volume of 
0.9817 ft3 or 27.7 liters (see Figure 3.2 for column schematics). Each reactor was fitted 
with 7 water sampling ports made of slotted PVC tubes 5.5” long and ½” internal 
diameter, and the tubes were hot glued to the PVC pipe, as shown in figures. A 4” long 
polyethylene tube of ¼” ID was inserted halfway in the slotted PVC tube and connected 
to it by a ¾” female connector fitting (see Figure 3.2b). The polyethylene tube at each 
sampling port was attached to a 3-way, polycarbonate luer stopcock (Cole-Palmer) by a 
short piece of flexible (tygon) tubing.  The slotted PVC tubes allowed pore water to flow 
into the tube and collect without clogging by sediment or plant roots.  Sampling ports #1-
4 were positioned on the lower half of the reactor with a 15 cm spacing, whereas ports 
#5-7 were located on the upper half of the reactor with a 22.86 cm spacing (see Figure 
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3.2 a). One influent port was located at the bottom and one effluent port was located near 
the top of the reactor columns; the effluent port was placed 6” above port #7 to drain 
excess standing water.  
The column reactors were filled with hydric soil obtained from the Beavercreek Wetlands 
and inoculated with soil cores from the constructed wetland site at Wright-Patterson Air 
Force Base (WPAFB). A 6” layer of pea gravel was placed at the bottom of each reactor 
before soil was filled in the reactors. The hydric soils obtained from the Beavercreek 
wetland were physically mixed/homogenized with soil cores from the WPAFB field site 
prior to filling the column reactors. This presumably may have been helpful in populating 
the greenhouse reactors with the microbial consortia present in the WPAFB constructed 
wetland soil. At the time of construction, the water content of the soil was ranged 
between 42-48% (w/w), and the average organic matter content was approximately 10% 
of the mass of dry soil.  
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   Fig 3.1: A photograph of the flow-through reactors (mesocosms) in the greenhouse 
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     Fig 3.2: Schematic diagram of greenhouse reactor with dimensions and flow-
schematics; sampling port design also shown [Jung, 2007; personal communication] 
Three wetland plant species (Carex camosa, Eleocharis erythropoda, Scirpus atrovirens) 
were chosen and were transplanted in the reactors in triplicate (total 9 reactors) on May 
24th. Three remaining reactors were left unplanted as controls (see Table 3.1). Scirpus 
atrovirens is a robust plant found in the deep marshes, and Carex camosa is wet-meadow 
sedge [Weller, 1978]; these three wetland plant species were chosen to investigate their 
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effect of the biogeochemical processes taking place in wetland soil that can potentially 
affect the fate of chlorinated ethenes (Ces). For example, differences in the length of root 
penetration into the soil, root density, root surface area, and other attributes can 
potentially influence various biogeochemical reactions in the soil differently, such as the 
amount of oxygen released by the plant roots (radial oxygen loss), composition of root 
exudates, etc. For this study, following reactors were selected: reactors #1 (CC3) and #2 
(CC2) with Carex comosa, reactors #6 (SA2) and #9 (SA1) with Scirpus atrovirens, and 
reactors #3 (CN3) and #11 (CN1) were control reactors. 
Table 3.1: Plant species in the reactors 
Reactor # Reactor Id  Plant Species Reactor # Reactor Id Plant Species 
1 CC1 Carex comosa 4 EE1 Eleocharis 
erythropoda 
2 CC2 Carex comosa 7 EE2 Eleocharis 
erythropoda 
12 CC3 Carex comosa 10 EE3 Eleocharis 
erythropoda 
9 SA1 Scirpus atrovirens 11 CN1 Control 
6 SA2 Scirpus atrovirens 8 CN2 Control 
5 SA3 Scirpus atrovirens 3 CN3 Control 
 
All the reactors were randomly placed in the greenhouse, and their numbers indicate their 
order among the 12 reactors along the glass windows in the greenhouse. After 
transplanting, a 3-month period was considered as development period to allow these 
plants to adapt to the new habitat, and for proper growth of their roots to occur.  
The reactors were operated continuously in the upward-flow mode since May 2005. The 
feed water was pumped into the reactors from a 30-gallon reservoir using 2 peristaltic 
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pumps (Masterflex L/S, Cole Palmer, Vernon Hills, IL). The reservoir was filled with a 
50/50 mix of tap water and distilled water, and bringing the conductivity of the feed 
water in the reservoir to around 810 μS. The pumping rate was fixed nominally at 2.5 mL 
min-1. The feed water was not deoxygenated prior to pumping into the reactors. A 1L 
borosilicate glass mixing chamber with Teflon-lined cap was placed between the pumps 
and the reservoir (Figure 3.2a), which was mixed continuously on a stir-plate (Tek-Stir 
20). A syringe pump (KDScientific model 100) was utilized to add PCE solution in the 
mixing chamber. The syringe pump was loaded with a 50mL gastight, glass syringe with 
Teflon tip plunger (Hamilton, Reno, NV) filled with a PCE stock solution (100 mg L-1), 
and the rate of the syringe pump was adjusted (1mL hr-1) to achieve a PCE concentration 
of ~50 µg L-1 in the mixing chamber.  Feed water was distributed to each of the reactors 
using Nalgene FEP tubing (1/8” ID).  
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3.3 Sampling and Analysis  
During the initial sampling phase (June-July 2006), water samples were collected and 
analyzed to determine VOC concentration along water-flow path in all 12 reactors. In the 
second sampling phase (August-September 2006), all 12 reactors were sampled on three 
consecutive days for methane (Table 3.2). In the following months, following planted and 
control reactors were selected for sampling for the purposes of being efficient and having 
the best representation of the plant species: CC1, CC2, SA6, SA9, CN3, CN 11. As 
before, these reactors were sampled on three consecutive days to gather reproducible data 
and for QA/QC reasons. The EE reactors (transplanted Eliocharis erythropoda species) 
with were not examined beyond September 2006 due to time constrains; in completing 
the sampling of all 12 reactors (in triplicate) on a monthly basis. Further, EE reactors 
showed no significant distinction with the control reactors in terms of variations in redox-
sensitive species during the preliminary analysis in preceding months [Tritschler, 2006, 
personal communications], presumably due to its small root size. Sampling a set of 6 
reactors for three consecutive days was completed each month (Table 3.2), except during 
April-May 2007. The analysis included quantification of dissolved PCE, TCE, DCE 
isomers, VC, ethene, ethane and methane in the water samples (described later). A 
companion investigation [Tritschler, 2007] characterized the biogeochemical processes 
and variations in redox-sensitive species (dissolved oxygen, dissolved iron, ammonia, 
nitrite) and other major ions along the water flow path for the 6 reactors every month 
during the study period. The planted reactors (#1, #2, #6, #9) and control reactors (#3, 
and #11) were sampled, per schedule shown in Table 3.2. 
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Table 3.2: Sampling schedule for the six reactors examined in this study 
Sampling Date Reactor Sampled Analytes (in triplicate) 
25, 26 and 27 August 2006 1 Methane 
28, 29, 30 August 3, 8 Methane 
31 August, 1, 2 September 10, 7 Methane 
3, 4, 5 September 4 Methane 
7, 8, 9 September 1, 2 Methane 
10, 11, 12 September 12 Methane 
13, 14, 15 September 9, 6, 5 Methane 
27, 28, 29 September 6, 9 VOCs and methane 
4, 5, 6 October 1, 2 VOCs and methane 
11, 12, 13 October 3, 11 VOCs and methane 
1, 3, 4 November 6, 9 VOCs and methane 
7, 8, 9 November 3, 11 VOCs and methane 
13,15,16 November 1, 2 VOCs and methane 
1, 2, 4 December 3, 11 VOCs and methane 
5, 6, 7 December 1, 2 VOCs and methane 
8, 9, 11 December 6, 9 VOCs and methane 
13, 14, 15 January, 2007 6, 9 VOCs and methane 
20, 21, 22 January 3, 11 VOCs and methane 
27, 28, 29 January 1, 2 VOCs and methane 
10, 11, 12 January 6, 9 VOCs and methane 
17, 18, 19 February 3, 11 VOCs and methane 
23, 24, 25 February 1, 2 VOCs and methane 
2, 3, 4 March 6, 9 VOCs and methane 
19, 20, 21 March 1, 2 VOCs and methane 
22, 23, 24 March 3, 11 VOCs and methane 
6, 7, 8 March 3, 11 VOCs and methane 
13, 14, 15 March 6, 9 VOCs and methane 
20, 21, 22 March 1, 2 VOCs and methane 
17, 18, 19 March 1, 2 VOCs and methane 
20, 21, 22 June 3, 11 VOCs and methane 
12, 13, 14 June 6, 9 VOCs and methane 
20, 21, 22 July 3, 11 VOCs and methane 
24, 25, 26 July 1, 2 VOCs and methane 
27, 28, 29 July 6, 9 VOCs and methane 
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1, 2, 3 August 6, 9 VOCs and methane 
4, 5, 6 August 3, 11 VOCs and methane 
7, 8, 9 August 1, 2 VOCs and methane 
 
3.3.1 Sampling  
Prior to each sampling event (table 3.2), the effluent flow rate of the sampled reactors 
were determined by measuring the volume of the water exiting through the effluent port. 
For this, the effluent water was collected in a 500 mL graduated cylinder for an hour, and 
then poured into a 100 mL graduated cylinder for accuracy and flow rate calculation. The 
influent flow rate of water flowing through the tubing (before entering the reactor) was 
also measured by using a 100 mL plastic graduated cylinder for 10 minutes. 
 Table 3.3: Measured influent and effluent flow rates (mL min-1) prior to sampling 
Sampling 
Date R#1 (CC3) R#2 (CC2) R#6 (SA2) R#9 (SA1) R#3 (CN3) 
 
R#11 (CN1) 
09/27/2006   1.14 1.91   
09/28/2006   2.51 2.23   
09/29/2006   1.85 1.91   
10/04/2006 0.97 0.73     
10/05/2006 0.89 0.88     
10/06/2006 1.37 0.92     
10/11/2006     3.28 2.99 
10/12/2006     2.96 2.68 
10/13/2006     3.03 2.06 
11/01/2006   2.53 2.25   
11/03/2006   2.81 1.97   
11/04/2006   1.82 1.93   
11/07/2006     2.92 2.92 
11/08/2006     2.67 2.53 
11/09/2006     1.92 1.72 
11/13/2006 1.22 0.68     
11/15/2006 1.52 1.11     
11/16/2006 1.59 1.03     
12/01/2006     2.83 2.59 
12/02/2006     3.01 3.37 
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12/04/2006     2.95 3.02 
12/05/2006 1.53 1.41     
12/06/2006 1.81 1.07     
12/07/2006 1.09 0.72     
12/08/2006   1.91 1.08   
12/09/2006   1.67 0.92   
12/11/2006   2.13 0.72   
01/13/2007   2.25 2.13   
01/14/2007   2.51 1.39   
01/15/2007   1.87 1.26   
01/20/2007     2.61 2.71 
01/21/2007     2.72 3.01 
01/22/2007     2.93 3.12 
01/27/2007 2.25 0.89     
01/28/2007 2.14 0.73     
01/29/2007 1.81 0.63     
02/10/2007   1.96 1.12   
02/11/2007   1.86 1.32   
02/12/2007   2.12 1.84   
02/17/2007     3.19 2.63 
02/18/2007     2.96 2.54 
02/19/2007     2.87 2.81 
02/23/2007 2.02 0.86     
02/24/2007 1.73 0.99     
02/25/2007 2.41 0.54     
03/02/2007   1.83 1.34   
03/03/2007   1.92 1.73   
03/04/2007   1.63 1.82   
03/19/2007 1.85 1.04     
03/20/2007 1.92 1.11     
03/21/2007 2.13 1.07     
03/22/2007     3.03 2.61 
03/23/2007     2.76 2.59 
03/24/2007     2.78 2.74 
04/06/2007     2.99 2.53 
04/07/2007     3.13 2.55 
04/08/2007     2.78 2.82 
04/13/2007   1.92 1.59   
04/14/2007   2.24 1.67   
04/15/2007   1.73 1.52   
04/20/2007 1.33 1.08     
04/21/2007 1.82 0.92     
04/22/2007 1.63 0.61     
06/17/2007 2.45 1.31     
06/18/2007 2.18 0.73     
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06/19/2007 1.43 0.84     
06/20/2007     2.91 2.66 
06/21/2007     2.63 2.81 
06/22/2007     2.76 2.90 
06/12/2007   1.75 1.23   
06/13/2007   1.12 1.29   
06/14/2007   1.72 1.34   
07/20/2007     3.12 2.75 
07/21/2007     2.99 2.92 
07/22/2007     2.85 2.63 
07/24/2007 2.02 1.29     
07/25/2007 1.92 1.62     
07/26/2007 2.37 0.93     
07/27/2007   1.62 0.87   
07/28/2007   1.53 0.94   
07/29/2007   1.48 0.66   
08/01/2007   1.86 1.12   
08/02/2007   1.73 0.91   
08/03/2007   1.56 0.88   
08/04/2007     2.83 2.82 
08/05/2007     2.90 2.55 
08/06/2007     2.57 2.78 
08/07/2007 2.12 1.29     
08/08/2007 1.85 1.66     
08/09/2007 2.09 1.49     
Prior to sampling each port, the 3-way polycarbonate stopcock (Cole-Parmer) was 
opened to discard a few mL of stagnant water within the PVC tubing/port. A 20 mL 
disposable polypropylene syringe (Becton-Dickinson), which was also fitted with a 1-
way male-slip stopcock (Cole-Parmer) with a luer-lock, was used to withdraw aqueous 
samples from the ports; a luer-connection between the two stopcocks (at sampling port 
and the syringe) was helpful in minimizing the contact with atmospheric oxygen and/or 
volatilization during sampling. During sampling, the plunger was withdrawn slowly to 
reduce bubble formation in the syringe.  
In the absence of an anaerobic glove box in the greenhouse for transferring samples from 
the syringe to a 15 mL glass serum bottle, the following protocol was developed and used 
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to minimize sample contact with air during transfer. The sample from the syringe was 
immediately transferred to a 15 mL clear glass serum bottle (Wheaton Science Products) 
filling it completely, without any headspace. A small piece of tygon tubing was slipped 
on the end of the stopcock connected to the syringe. The water sample was then slowly 
pushed from the syringe into the serum bottle while filling it from the bottom and 
displacing the air, and pulling the tygon tubing out of the serum bottle as it filled and 
about 5 mL water sample overflowed. The bottles were then capped with stoppers (20 
mm dia., Teflon-lined, grey chlorobutyl snap-on style, Wheaton Science Products) sealed 
with aluminum crimps (Wheaton Science Products, 20 mm), and stored in a cooler over 
ice.   The syringe, stopcock and the tubing were rinsed with distilled water after each use, 
and the assembly was frequently replaced. For each sampling event, the reactors were 
sampled starting from standing water at the top, then sequentially from port #7 to port #1 
(bottom), and ending at influent port. Each reactor port was sampled maximum once a 
day to avoid gravity driven, vertical mixing of the upward-flowing water in the reactors. 
Samples were generally collected on the same time (9:30-10:30 AM) on any day, and the 
sealed samples were transferred to the lab for immediate analysis. 
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3.3.2 Experimental Limitations 
Sometimes one or two ports in the reactors got clogged with sediments and plant roots, 
which make it difficult to withdraw sufficient volume of samples from those ports. The 
ports needed cleaning before any sampling could be done. The following approaches to 
cleaning a clogged port were used: (a) First, a syringe was attached to the 3-way stopcock 
and an attempt was made to clear the clog by creating vacuum as the plunger was pulled 
out and pushed in quickly. This was repeated a number of times until the clogging was 
cleared. However, care was taken that no external air was introduced into the reactor. (b) 
Alternatively, the fitting connecting the tube within the port (with stopcock attached) was 
disassembled/removed and cleaned for any sediment clog, and then reassembled. Further, 
50 mL of distilled water was pushed quickly in the clogged port with a syringe. This 
typically helped clean the clog. The reactor was then allowed to stabilize for a day before 
further sampling. 
Another problem in the greenhouse was power supply. Due to circuit breaker tripping, 
the pumps went offline and the water flow through the reactors was interrupted. Sampling 
was avoided until the reactors stabilized again. 
3.3.3 Sample Preparation for GC analysis 
Samples collected from the greenhouse in sealed 15 mL serum bottled were brought to 
the lab and centrifuged (IEC HN-S II) for 20 minutes with at ¾ setting (2500 rpm) to 
allow the sediments in the bottles to settle and the supernatant water becomes clear. This 
allowed the GC purge-and-trap tube to stay clean. After centrifuging, the serum bottles 
were placed in the inverted position in a holder and the aluminum flip cap was removed. 
A 6 mL of water sample was withdrawn from each bottle using a 23-gauge needle 
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attached to a 10-mL disposable polypropylene syringe (BD), while simultaneously 
injecting nitrogen gas (zero grade) into the serum bottle through another needle 
connected to a low pressure line. A 5mL sample volume was utilized for immediate VOC 
(particularly, PCE, TCE and DCE isomers) analysis by purge-and-trap system connected 
to a gas chromatograph (GC). The sample (9 mL) remaining in the sealed serum bottle 
was then allowed to equilibrate with the headspace for 3 hours on a rotator in inverted 
position.  The analysis for methane, ethane, ethene and VC was accomplished by direct 
injection of 250 mL of headspace sample from the serum bottles into the GC. The 
detailed procedures for GC operation and the preparation of the calibration curves are 
provided elsewhere (Appendices B, C and D). 
The gas chromatograph (HP model 6890 GC, with Teledyne Tekmar’s Velocity XPT 
purge-and-trap) is configured for simultaneous analysis by Flame Ionization detector 
(FID) and Electron Capture detector (ECD). The sample injected into the GC inlet is split 
into two parts and sample portions flow separately through two capillary columns before 
reaching the ECD and FID. A VOC column (HP-624, 30m × 0.32mm) carries one portion 
of the sample to ECD, which can separate PCE, TCE, cis- and trans- 1,2-DCE, and VC.  
The remaining sample portion is carried through a capillary column (J&W Scientific, GS 
GasPro, 30m × 0.32mm) to the FID detector, which can separate following methane, 
ethene, ethane, VC, and 1,2-DCEs. The GC inlet and detector temperatures were kept at 
200 ºC and 250 ºC, respectively. The oven temperature was programmed at 50 ºC for 2 
min, 10 ºC min-1 from 50 to 160 ºC, and no hold at 160 ºC (total 13 min). For ECD, the 
carrier/make-up gas was N2 with a flow rate of 60 mL min-1, and for FID the 
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carrier/make-up gas was N2 at flow rate of 45 mL min-1. The flow rate of H2 and air were 
40 mL min-1 and 450 mL min-1, respectively. 
3.3.4 Data Organization: 
The conversion of peak area values from GC analysis by headspace and purge-and-trap 
techniques into concentrations were accomplished using published methods (Burris et al; 
1996; Agrawal et al., 2002) and established procedures.  The detailed procedure for 
creating VOC calibration curves is described elsewhere (Appendix E). The 
concentrations were changed from μgL-1 to μM by dividing with formula weight for the 
respective chemical. The data analysis and charts plotting was completed in MS Excel. 
The concentrations of analytes were plotted on Y-axis whereas port heights were shown 
on X-axis. The data interpretations are presented in Chapter 4: Results and Discussion. 
All raw data in tabular format are given in Appendix A. 
 55
4: Results and Discussions 
4.1. CE Degradation Products and Its Variation in the Reactors: 
4.1.1 Variation in PCE: 
The main objective of this study was to assess the degradation of PCE contaminated 
water when flowing through an up flow mesocosm simulating a constructed wetland 
similar to one in Wright-Patterson Air Force Base, Dayton, Ohio. For the graphs X-axis 
represented the contaminant concentration in μM and Y-axis represented the column 
height and port height in the column. The influent port was at 0” while the top port (port 
7) was at a height of 54” above the ground. Standing water was sometimes found 
especially in the control reactors at a height of 60” 
The PCE concentration in the influent port was measured to be 0.1 to 0.25 μM. 
Maximum degradation of PCE occurred between influent and port 2 (0”-15”) i.e. in the 
bottom part of the reactors. Around 95% of influent PCE was lost before the water could 
reach port 2. After that, PCE concentration decreased at a very slow rate. The decrease in 
PCE with corresponding formation of TCE can be an indication of PCE reductive 
dechlorination or hydrogenolysis reaction taking place in the lower half of the system. 
Degradation of VOCs can occur in both anaerobic and aerobic conditions. But the lower 
half of the reactors being anaerobic, degradation of PCE with simultaneous formation of 
TCE can be a proof of reductive dechlorination taking place. However a good mass 
balance was not achieved, suggesting that some other processes might also occur in the 
system. Loss of PCE can be also due to other pathways of degradation like β−elimination 
or simply due to sorption or volatilization.   
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PCE in SA 1: Apart from the July 06 data the influent PCE concentration in SA 1 was 
very much consistent with the average PCE influent concentration. The general trend of 
PCE was quiet similar for all the months. Most of the PCE degraded before reaching port 
2. However the concentration in the middle part of the reactor was little higher than SA 1 
and also other planted reactors. PCE was somewhat persistent in the middle portion 
before getting degraded.  
PCE in SA 2: The general trend of PCE in SA 2 was quiet similar to the overall trend of 
PCE degradation in all the reactors. Most of the PCE degraded within a height of 15” 
from the ground and after that the degradation became very slow. However the SA 2 
reactor showed a little different behavior than SA 1. PCE concentration was little more in 
the central part of the SA 1 reactor than SA 2. 
PCE in CC 2: CC 2 also showed similar overall trend of PCE degradation as found in SA 
and other reactors. Degradation of PCE was however more in the CC 2 reactor as 
compared to the SA reactors. This is evident from the concentration of PCE in the 
reactors from port 3 to port 5. CC 2 had lesser concentration than the SA reactors. Overall 
CC 2 also showed significant amount of PCE decrease in the lower portion of the reactors 
and then the PCE degradation somewhat slowed down. 
PCE in CC 3: The trend of PCE degradation in CC3 was quite similar to CC 1 and other 
reactors. However the concentration of PCE in the central part of the reactor in summer 
months (July-August 07) was higher than the rest of the months. In the month of October 
06 there was a slight increase of PCE concentration between influent and port 1. This 
might have been due to some channeling effects. 
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PCE in Control 1: Overall trend of PCE in the control reactors were somewhat similar to 
the general trend of PCE degradation in the rest of the reactors. Rapid degradation in the 
lower portions followed by slow degradation in the upper half of the reactors. However 
the concentration of PCE was much higher in the middle portions of the reactors as 
compared to the CC or SA reactors. This has some correlation with the Methane 
concentration in the control reactors. Control reactors have more Methane as compared to 
the planted reactors. Methane is formed by Methanogenesis reaction and maximum PCE 
reduction also occurs in the same zone. But there is also a competition among the two 
reactions which slows down the PCE reduction. This might be the reason of finding more 
PCE in the middle portion of the control reactors. 
PCE in Control 3: The PCE trend of Control 3 was similar to Control 1. More PCE 
concentration in the middle portion of the reactor was correlated with more Methane in 
the control reactors. Rest of the trends was similar to the overall PCE trend. 
So the overall trend of PCE degradation was almost similar in all the reactors. Most of 
the influent PCE degraded in the lower half of the reactors (90 % reduction in the lower 
30” of the reactors). PCE was a little more persistent in the control reactors (90 % 
reduction in the lower 40” of the reactors). Lower half of the reactor may be anaerobic, 
and PCE degradation by reductive dechlorination is likely. PCE may also sorb 
significantly to organic rich soil (as evident from poor mass balance). 
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       Fig 4.1: Average PCE in SA and CC reactors 
 
     Fig 4.2: Average in PCE in control reactors 
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4.1.2 Variation in TCE:  
 
   Fig 4.3: Formation of TCE in the reactors 
PCE degradation corresponded with TCE formation. TCE can form by Hydrogenolysis 
but mass balance was poor (only 17% of PCE transformed to TCE). There might be some 
other reactions taking place in the system, apart from Hydrogenolysis. Presence of TCE 
within the system might be proof of PCE dechlorination taking place. The formation of 
TCE started generally after port 2 with gradual increase in concentration up to port 5 or 6 
followed by degradation. Formation of TCE from PCE occurs generally under anaerobic 
conditions by reductive dechlorination process. The lower half of the reactors being 
anaerobic and decrease in concentrations of PCE with simultaneous formation of TCE 
indicates sequential reductive dechlorination taking place. TCE appeared to accumulate 
in control reactors as compared to planted reactors in winter as well as summer months. 
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TCE may degrade by aerobic cometabolic processes in plant roots (supported by lower 
methane levels). 
TCE in SA 1: TCE formed slowly after port 1 and then increased up to port 4 or 5 and 
then decreased in concentration. The maximum concentration of TCE in SA 1 was about 
0.02 μM. In the months of February, March, April and June the concentrations of TCE 
was somewhat higher than the rest of the months. Formation of TCE matches with 
corresponding decrease in the concentration of PCE.  
TCE in SA 2: The overall trend of TCE in SA 2 was quite similar to that of SA 1. TCE 
increased after port 1 and then degraded. However the average concentration of TCE was 
lower in SA 2 than SA 1. The amount of TCE was higher in the months of October, 
December, January and February. TCE formation matches with PCE degradation. 
TCE in CC 2: TCE increased rapidly after the influent and then started degrading after 
port 2 or 3. In the months of July-August TCE was more persistent in the upper layers.  
 It could have been due to inhibition of TCE degradation by Methane. Other trend was 
similar to the general trend of TCE formation and degradation as seen in other reactors. 
High concentrations of TCE were noticed in the middle portion of the reactors in the 
months of December to March. 
TCE in CC 3: General trend of TCE in CC 3 was similar to that seen in CC 2. Highest 
concentrations of TCE were seen in the months of December 06 to March 07. However 
the concentrations of TCE in the upper layers were much less in CC3 than the other 
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reactors. The maximum concentration of TCE recorded was 0.02 μM in the months of 
December 06 and March 07. 
TCE in control 1: TCE started forming after port 1 and remain stable in most part of the 
reactor. It started degrading only after port 5 or port 6. The highest concentration of TCE 
was recorded in the month of July -07 and it was around 0.024μM. In the control reactor 
TCE did not degraded as much as in the planted reactors. TCE concentration in the upper 
ports was higher in the control reactors as compared to the planted reactors. This can be 
due to two reasons. Aerobic degradation was less in the control reactors because there 
was no plant root to bring in oxygen or create oxygen microzones to favor the reaction. 
Also more Methane in the controls might have inhibited TCE degradation.  
TCE in Control 3: Control 3 showed similar kinds of trends as control 1. The highest 
concentration of TCE was recorded in the months of December -06 and February -07, the 
concentration being around .032 μM. Even in the upper part of the reactors a 
considerable amount of TCE was present. This fact can be an evidence of plant being 
more effective in causing up the degradation of TCE.  
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   Fig 4.4: Average TCE in SA and CC reactors 
 
   Fig 4.5: Average TCE in the control reactors 
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4.1.3 Variation in cis-DCE: 
 
Fig 4.6: Formation of cis-DCE in the reactors 
cis-DCE is another daughter product in the sequential reductive dechlorination pathway 
of PCE. Cis-DCE is less than 10% of TCE in stoichiometric amount. Although it was 
recorded in a very small amount in our system, its presence can be an indication of 
sequential degradation of PCE (Hydrogenolysis) is occurring. Cis-DCE started forming 
after port 3 or 4 (with simultaneous degradation of TCE) increased, and then started to 
decrease. Almost no or very little concentration of cis-DCE was noticed in port 7 or 
effluent. This might be due to two reasons. Either cis-DCE was degraded to form VC or it 
might have volatilized to the atmosphere. Detection of cis-DCE, with corresponding 
degradation of TCE, can be a good indication of degradation taking place. 
Cis-DCE in SA 1: cis-DCE was recorded in a smaller quantity than the SA reactors. The 
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December -06.  cis-DCE started to form after port 3 in most of the sampling phases. This 
matched with corresponding reduction of TCE.  However in the month of December and 
February some cis-DCE was recorded in the influent as well as port 1, which might be 
some kind of impurities. Summer concentration of cis-DCE was less as compared to 
winter months. This can indicate two things.  Either there was less production in the 
summer months or plants being more active in this period helped in the volatilization to 
the atmosphere. 
Cis-DCE in SA 2: The overall trend of cis-DCE in SA 2 was similar to that of SA 1 but 
the concentration in SA 2 was a little lower than SA 1. The highest average concentration 
was 0.0003 μM recorded in the month of December. The overall trend shows more cis-
DCE in the winter months than the summer months. 
Cis-DCE in CC 2: In CC2 the concentration of cis-DCE was even lower than the SA 
reactors. Apart from the month of October -06, the average concentration was between 
0.0001 μM to 0.0002 μM. Overall trend was similar to the general trend of cis-DCE, i.e., 
forming in the middle parts and then degrading. Although the seasonal trend was not so 
much visible in the CC 2 reactor still winter months showed a little higher concentration. 
Cis-DCE in CC 3: The general trend of CC3 was similar to that of CC 2. Only the 
concentration of cis-DCE was even lower in CC 3. The maximum average concentration 
being around 0.0001 μM recorded in February and March -07. 
Cis-DCE in Control 1: cis-DCE started to form after port 2 or 3 in the control reactors 
and was somewhat persistent in the top portion of the reactor. Not much degradation of 
cis-DCE was noticed in the control reactors as compared to the other planted reactors. 
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This might be a proof that planted reactors are showing more degradation potential. In 
most of the months cis-DCE was evenly present in the upper part of the reactor. 
Sometimes increase in cis-DCE was also noticed in the topmost ports. May be this 
suggest the formation of cis-DCE was still continuing and the degradation had not started 
yet. This can yet be another proof of planted reactors being more effective in degrading 
VOCs. 
Cis-DCE in control 3: Control 3 had similar trends as control 1. This suggests that 
whatever trends found in control 1 is consistent with all control reactors. The average 
maximum concentration being about 0.0002 μM recorded in January -07 and March -07. 
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Fig 4.7: Average cis-DCE in SA and CC reactors 
 
Fig 4.8: Average cis-DCE in the control reactors 
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4.1.4 Variation in trans 1,2-DCE : 
Trans 1, 2-DCE is an isomer of DCE also produced as a product of sequential reductive 
dechlorination of PCE. Although some literature suggests that cis-DCE should be more 
persistent and formed more than trans 1, 2-DCE in reductive dechlorination pathway, 
more concentrations of trans 1, 2-DCE was recorded in our system. The trans 1, 2-DCE 
was not very regular and did not showed very good trends. However it was detected in 
the middle and upper parts of the reactor. The presence of trans 1, 2-DCE in the system 
can be an indication that reductive dechlorination is the major process occurring in the 
system that is degrading PCE. 
Trans 1, 2-DCE in SA 1: In the SA 1 reactor trans 1, 2-DCE started forming after port 2 
or 3 and then was somewhat persistent before starting to degrade. In many months the 
data showed continuing increase in the concentrations of trans 1, 2-DCE, suggesting the 
formation process was not complete yet. The highest concentration recorded was in the 
months of June and July 07, the average highest concentration being .07 μM. 
Trans 1, 2-DCE in SA 2: The concentration of trans 1, 2-DCE was a little more in SA 2. 
The highest average concentration recorded in the months of July and August -07 were 
about 0.035 μM. Although some of the month’s data showed decrease of trans 1, 2-DCE 
in the upper ports most of the time it showed an increase.  
Trans 1, 2-DCE in CC 2: No good trends of trans 1, 2-DCE was seen in CC 2. The 
highest average concentration was around 0.02 μM.  
 68
Trans 1, 2-DCE in CC 3: Although CC 3 did not showed very good trends of trans 1, 2-
DCE still the months of July and August -07 recorded more concentrations than the other 
months. The highest average concentration was around 0.03μM. 
trans 1, 2-DCE in Control 1: The general trend of trans 1, 2-DCE in the control was 
somewhat irregular. Apart from the August -07 data the highest average monthly 
concentration was around 0.01 μM.  
trans 1, 2-DCE in Control 3: The concentration of trans 1, 2-DCE was higher in the 
summer months. Trans 1, 2-DCE formed in the middle part of the reactors which 
corresponds to the degradation of TCE. Thus trans 1, 2-DCE can be a product of 
reductive dechlorination of TCE and also an indication that our system is following the 
sequence of complete reductive dechlorination of PCE. 
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Fig 4.9: Average trans-DCE in SA and CC reactors 
 
Fig 4.10: Average trans-DCE in control reactors 
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4.1.5 Variation in VC: 
 
   Fig 4.11: Formation of VC in the reactors 
Vinyl Chloride (VC) is the last chlorinated daughter product of the reductive 
dechlorination sequence of PCE. Considerable amount of VC was recorded in the 
reactors suggesting the sequential reductive dechlorination process of PCE occurring 
successfully in the system. VC formation corresponds with DCE degradation. VC was 
mainly formed in the top part of the reactors. In the planted reactors the VC started to 
degrade in the top parts, where as, in the control it remains somewhat stable. VC 
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degradation in the planted reactors can be associated with aerobic co-metabolic or 
metabolic degradation processes. The aerobic environment required for the reactions was 
created by oxygen brought by the plant roots. This root-zone oxygen was not available in 
the control reactors and as such this kind of reaction could not take place making VC 
more stable there. 
VC in SA 1: VC started forming in the upper part of the reactors mainly after port 4. The 
maximum concentration of VC formed was 0.01 μM. The VC started to degrade in the 
top ports may be due to oxidative metabolic or co-metabolic pathways. Presence of VC in 
the reactors can well be an indication degradation of PCE is really occurring in the 
system. However, not much seasonal variation was observed in the SA 1 reactor. 
VC in SA 2: The trend of VC in the SA 2 reactor was very similar to that of SA 1. 
Although the highest concentration recorded was pretty much the same as in SA 1 still 
the overall concentration of VC seemed to be a little more in the SA 2 reactor. The 
concentration of VC in port 7 in SA 2 was much less than SA 1. So the degradation of 
VC in SA 2 was much better than SA 1. This might be due to more available oxygen in 
SA 2 than SA 1. 
VC in CC 2: CC 2 showed similar overall trend of VC as other planted reactors. VC 
started to form in between middle and upper part of the reactor and then degraded in the 
upper part. Not much seasonal trend was noticed but still the summer months recorded 
somewhat more VC. As expected for the planted reactors, the VC formed started to 
degrade in the top part of the reactors. 
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VC in CC 3: The trend of VC in CC 3 was similar to that of CC 2 and showed the general 
trend of VC that was expected in a planted reactor. No prominent seasonal effect was 
noticed.  VC formed mostly in the upper halves of the reactors and then degraded near 
the top twp ports (port 6 and port 7).  
VC in Control 1: VC started to form and remain persistent in the upper half of the 
reactors. Most of the VC formed was stable and did not show too much degradation. In 
the top most part there was decrease in the concentration of VC but that may be due to 
loss in the atmosphere rather than degradation. More VC in the control reactors suggest 
that degradation of VC via metabolic and co-metabolic pathways is not occurring which 
should be the case because there is no oxygen brought by the plant roots in the control 
reactors. 
VC in control 3: Control 3 recorded similar kind of VC trends as Control 1. Apart from 
the June -07 data in all the cases VC was very stable throughout the upper part of the 
reactors.  
 73
 
     Fig 4.12: Average VC in the SA and CC reactors 
 
    Fig 4.13: Average VC in the control reactors 
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4.1.6 Variations in Ethene: 
Detection of ethene in the reactors can be important since the presence of ethene can be 
an indication of complete reductive dechlorination of PCE occurring in the system. 
Ethene is the first non-chlorinated daughter product of the sequential dechlorination 
pathway of PCE. It is not a carcinogenic substance like VC or any of its parent chemicals. 
We can say from the presence of ethane that complete destruction of PCE is possible by 
constructed wetlands. Ethene was found in a very small amount in all the reactors. 
Ethene was detected in very low concentrations in the SA 1 reactor. Ethene was also 
found in SA 2 in very low concentrations. Overall concentration of ethene was less in SA 
2 than in SA 1. Ethene was detected in the CC reactors also. Ethene was also detected in 
control reactors. The concentration of ethene was higher in the control reactors. Controls 
were more anaerobic than the planted reactors and more reductive dechlorination of PCE 
might have occurred producing more ethene. In planted reactors more oxidation or 
cometabolic loss of TCE, DCE and VC might have occurred producing less ethane, than 
in control reactors. 
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     Fig 4.14: Average ethene in SA and CC reactors 
 
     Fig 4.15: Average ethene in the control reactors 
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4.2 Methanogenesis in the reactors: 
Methane was seen to form in the reactors. Methane formation was perhaps due to 
methanogenesis (which follows fermentation of soil organic matter). Loss of methane 
noticed in planted soil may be due to microbial oxidation (methanotrophism) and/or 
volatilization to atmosphere through ‘aerenchyma’ tissue in plant root.   
Variation in Methane: 
Methane, although not a product of sequential degradation of PCE, still is a very 
important chemical to study to understand the biogeochemical processes occurring in the 
system. The control (unplanted) reactors had more methane than planted reactors. This 
can be explained by the fact that less oxygen was present in control reactors which can 
oxidize methane to carbon dioxide. On the other hand planted reactors have more oxygen 
in the root –zone due to radial oxygen loss and this oxygen helped to oxidize methane to 
carbon dioxide. Besides oxidation, some amount of methane might also be lost due to 
plant uptake and volatilization. 
Methane in SA 1: SA 1 showed an increase in methane concentration in the middle part 
of the reactors with subsequent decrease towards the top. The highest peak of 
concentration of 58mM was formed in port 5. The increase in methane concentration in 
the middle portion suggested that methane was being formed somewhere in the lower 
portion of the columns. According to some literature, Methanogenesis occurs effectively 
under anaerobic conditions. This suggested that an anaerobic condition was prevalent in 
the bottom portion of the reactors. Also some literature suggests that conversion of TCE 
from PCE by reductive dechlorination process occurs essentially in an anaerobic 
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environment. So we can say the degradation of PCE, with corresponding formation of 
TCE taking place in the lower half of the reactors mainly between influent and port 2, is 
by the reductive dechlorination pathway. 
Methane in SA 2: The trend of Methane in SA 2 was similar to that found in SA 1. 
However the concentration of Methane formed was lower in SA 2 than SA 1. This can be 
explained by differential plant growth. Perhaps there was more root growth of SA 2 
which brought in more oxygen in the system that oxidized the Methane formed to carbon 
dioxide. The peak concentration was of 18μM formed at port 5.  
Methane in CC 2: Overall trend of methane in CC2 was similar as observed in other 
planted reactors. Methane concentration was highest in the middle portion, with 
subsequent degradation in the top portion of the reactors. The peak methane 
concentration formed at port 4, being approximately 22 μM.  
Methane in CC 3: CC 3 had similar kind of trends as CC 2. Methane formed in the 
middle portion of the reactors and then degraded. The peak was formed at port 4 with a 
peak concentration of about 30 μM. Decrease of methane can be attributed to 
methanotrophic loss where methanotrophic bacteria use up methane as energy source 
under aerobic conditions.  
Methane in Control 1: The trend of methane in control 1 was different from the planted 
reactors and was very much expected. Concentration of methane was much higher in the 
control reactors. The methane formed also was stable and persistent in the upper part of 
the reactor. The peak was formed in port 5 or 6. The highest concentration was around 85 
μM. Lesser oxygen in the control reactors might have inhibited oxidation of methane to 
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carbon dioxide and hence it was stable in the upper part of the reactors. The degradation 
seen in the top most part (standing water) may be due to volatilization.  
Methane in Control 3: Control 3 showed similar kind of behavior as control 1 in terms of 
methane data. Methane was very stable in the upper part of the reactor, with little 
decrease, probably due to loss by volatilization. The maximum concentration recorded 
was about 120 μM at port 6. 
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     Fig 4.16: Average methane in SA and CC reactors 
 
     Fig 4.17: Average methane in the control reactors 
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4.3 Differences in methane in planted and control reactors: 
Methane, although not a product of sequential reductive dechlorination of PCE, is a 
prime agent that controls the various geochemical processes in the system. Methane 
formation mainly occurred in the lower half of the reactors by methanogenesis. Lower 
half of the reactors being anaerobic and presence of organic carbon (terminal electron 
acceptor) facilitates the formation of methane in the reactors. Higher concentrations of 
methane were observed in the middle portion of the reactors. In the upper part of the 
reactors, methane degradation was noticed, mainly due to oxidation in the root zone or 
volatilization processes.  
SA # 1 had comparatively more methane than in SA # 2, particularly in winter months  
(Nov 06 and Jan 07) presumably due to higher methane production and/or less methane 
oxidation. Overall methane concentration was greater in CC reactors in comparison to SA 
reactors presumably due to less oxygen in plant roots causing less loss by methane 
oxidation. 
The concentration of methane was less in the summer months in the planted reactors. 
This was presumably more oxidation of methane to carbon dioxide in the summer months 
as compared to winter months. Greater plant activity during summer brings more oxygen 
in root zone creating more oxidation of methane to carbon dioxide. Also more 
methanotrophism might be occurring in the summer months than in winter due to 
increased bacterial activity. 
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     Fig 4.18: Average summer methane in SA and CC reactors 
 
      Fig 4.19: Average winter methane in SA and CC reactors 
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Methane formation mainly occurred in the lower half of the reactors by methanogenesis. 
Lower half of the reactors being anaerobic and presence of organic carbon (terminal 
electron acceptor) facilitates the formation of methane in the reactors. Higher 
concentrations of methane were observed in the middle portion of the reactors. In the 
upper part of the reactors methane degradation was noticed, mainly due to oxidation in 
the root zone or volatilization processes. Much higher methane concentrations were 
recorded in control reactors in comparison to planted reactors. Methane was more stable 
and persistent in the control reactors. The loss of methane observed in the upper part of 
the control reactors was mainly due to gaseous diffusion in to the atmosphere from the 
top surface of the soil. The concentration of methane was less in the summer months in 
the planted reactors. There was not much difference in methane concentration in the 
control reactors in terms of summer and winter data. This might be an indication of 
seasonal and vegetation effects in the planted reactors, which was not evident in the 
control. 
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      Fig 4.20: Average summer methane in control reactors 
 
     Fig 4.21: Average winter methane in the control reactors 
  
0
10
20
30
40
50
60
-5 15 35 55 75
Conc (μM)
Po
rt
 H
ei
gh
t (
in
ch
es
)
Control 1
Control 3
0
10
20
30
40
50
60
-5 15 35 55 75
Conc (μM)
Po
rt
 H
ei
gh
t (
in
ch
es
)
Control 1
Control 3
 84
 
4.4 Differences in CE in planted and control reactors (Effect of seasons): 
TCE:  
TCE formation corresponded with PCE degradation in the reactors. Maximum TCE 
concentration was noticed within a height of 20 inches to 35 inches, in the reactors. TCE 
formed may be due to reductive dechlorination (hydrogenolysis) of PCE. However, mass 
balance was not so good. Maybe other degradation processes (β-elimination), apart from 
hydrogenolysis were also occurring. 
In the SA reactors, more TCE concentrations in the months of October, November, 
December, January and February were observed. During summer more methane 
degradation by oxidation occurred and also more cometabolic degradation of TCE 
probably took place. Overall trend of TCE in CC reactors were similar to that of SA 
reactors, but TCE concentrations was little higher in CC. This might be the effect of 
roots. CC plants had less dense roots, so lesser area of aerobic microenvironments formed 
around the root zone. This, in turn, caused lesser amount of aerobic TCE degradation in 
the CC reactors as compared to the SA reactors. Controls had highest TCE concentration, 
followed by CC reactors and SA reactors. SA plants had more roots than CC plants. 
Control reactors had no roots at all. This might indicate two things: More TCE formation 
in controls or less aerobic oxidation; little or no cometabolism. More TCE concentration 
in winter months was noticed in the planted reactors. More methane degradation by 
oxidation or methanotrophism and also more cometabolic degradation of TCE in summer 
months in the planted reactors is a possibility.  
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    Fig 4.22: Summer TCE in planted reactors 
 
 
    Fig 4.23: Winter TCE in planted reactors 
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TCE concentration was higher in the control reactors as compared to planted reactors in 
winter as well as summer months. More reducing conditions in unplanted reactors, than 
planted reactors presumably caused more reductive dechlorination by hydrogenolysis, but 
less or no aerobic oxidation, causing more TCE accumulation. Control had highest TCE 
concentration followed by CC reactors and SA reactors. SA plants had more roots than 
CC plants. Control reactors had no roots at all. This might indicate two things: More TCE 
formation in controls or less aerobic oxidation; little or no cometabolism. More TCE 
concentration in winter months was noticed in the planted reactors. More methane 
degradation by oxidation or methanotrophism and also more cometabolic degradation of 
TCE in summer months in the planted reactors is a possibility. However, no significant 
seasonal variation in TCE concentrations was noticed in the control reactors. This might 
be again an indication effect of seasons only taking place in planted reactors. Seasonal 
changes did not caused much variation in the degradation processes in control reactors 
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Fig 4.24: Average winter TCE in control reactors 
 
Fig 4.25: Average summer TCE in control reactors 
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cis-DCE: 
cis-DCE formation can be related to TCE formation and degradation. cis-DCE may be 
forming due to sequential reductive dechlorination of TCE (hydrogenolysis). Smaller 
concentrations of cis-DCE were found in SA reactors. Summer concentration was less, 
compared to winter. In summer, more aerobic oxidation or cometabolic activity going on 
because of more oxygen in the root zone. Overall trend of cis-DCE was similar to that of 
SA reactors however concentration was lower than SA. Maybe less formation in the CC 
reactors by anaerobic degradation of TCE or more loss by oxidation. 
Although little seasonal trend was recorded, winter had somewhat higher concentrations. 
Maybe less oxygen in root zone in winter causing lesser amount of oxidation. More cis-
DCE concentration was observed in planted reactors in the winter months. More 
oxidizing conditions in summer helping in more aerobic oxidation of cis-DCE, causing 
less concentration in summer.  
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      Fig 4.26: Summer cis-DCE in planted reactors 
 
     Fig 4.27: Winter cis-DCE in planted reactors 
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     Fig 4.28: Summer cis-DCE in control reactors 
    Fig 4.29 Winter cis-DCE in control reactors 
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trans-DCE: 
trans-DCE formed after port 3 at a height of around 15” in the SA reactors. However, 
trends were not very good. More investigation is necessary. Presence of trans-DCE can 
be an indication of sequential reductive dechlorination (hydrogenolysis) is taking place.  
SA 2 had little more trans-DCE than SA 1. trans-DCE was also recorded in CC reactors. 
Higher average trans-DCE was seen in summer months. Trans-DCE concentration was 
more than that of cis-DCE. This was opposite of some publications where cis-DCE is the 
more persistent isomer in the environment. 
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    Fig 4.30: Summer trans-DCE in planted reactors 
 
 
   Fig 4.31: Winter trans-DCE in planted reactors 
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VC: 
VC formation corresponds with DCE degradation. DCE loses one chlorine atom to form 
VC, the last chlorinated member of the reductive dechlorination sequence of PCE. VC 
mostly formed in the upper half of the reactor (near 4th and 5th port) in SA reactors and 
after that degraded in the top ports (6th and 7th port). Average VC concentration was more 
in SA 2. Probably more VC oxidation occurred in SA 1, so less accumulation was 
observed. Overall trends of VC formation in CC reactors were similar to that of SA 
reactors. Degradation of VC in the upper part of the reactors was noticed. Reductive 
dechlorination or oxidation might have been occurring.  
VC concentration was higher in winter in planted reactors. More VC degradation in 
summer was possible due to aerobic oxidation or cometabolic degradation as compared to 
winter months.  
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     Fig 4.32: Summer VC in planted reactors 
 
       Fig 4.33: Winter VC in planted reactors 
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VC formation corresponds with DCE degradation. DCE loses one chlorine atom to form 
VC, the last chlorinated member of the reductive dechlorination sequence of PCE. 
Average VC concentration was higher in control reactors than planted reactors. VC was 
persistent and showed much less loss in the upper ports. There was less oxidation and 
little or no cometabolism and also loss due to aerobic oxidation was minimum or absent.  
 Probably VC loss was due to volatilization to the atmosphere. VC concentration was 
higher in winter in planted reactors. More VC degradation in summer was possible due to 
aerobic oxidation or cometabolic degradation as compared to winter months. No good 
seasonal trend of VC was noticed in the control reactors. This was expected as no effect 
of season changes should change the degradation rate in the control reactors which was 
evident in the planted reactors. 
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     Fig 4.34: Summer VC in control reactors 
 
    Fig 4.35: Winter VC in control reactors 
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Ethene:  
Ethene was detected in very low concentrations in the reactors. Presence of ethene can be 
an indication of complete reductive dechlorination of PCE taking place in the system. SA 
1 had more Ethane than SA 2. Winter Ethene concentration was higher on average. 
Possibly less VC in summer produced less ethene. Also more oxidation in the summer 
months is a possibility causing lesser concentration in summer months. Ethene data in 
summer and winter months showed not much variation in the control reactors.  
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    Fig 4.36: Summer Ethene in planted reactors 
 
 
     Fig: 4.37: Winter Ethene in planted reactors 
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    Fig 4.38: Summer ethene in control reactors 
 
    Fig 4.39: Winter ethene in control reactors 
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4.5 Effect of plant species (root density): 
 
  Fig 4.40: Average TCE concentration in the SA, CC and Control reactors 
Plants certainly had some effect on PCE degradation and subsequent formation of 
daughter products. From the figure above, it is evident control reactors recorded highest 
concentration of TCE followed by CC and SA reactors. TCE loss in the planted reactors 
may be due to aerobic cometabolism and/or volatilization to atmosphere through roots. It 
was also seen that SA reactros have the largest root denstiy and show largest TCE loss. 
Control reactors having no roots at all showed least amount of TCE loss. Certainly roots 
had some effect on PCE degradation. Sa plants with largest volume of roots were the 
most efficient in PCE degradation.  
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   Fig 4.41: Average methane concentration in SA, CC and control reactors 
Effect on roots were also evident on the formation and oxidation of methane in the 
reactors. Control reactors had the highest concentration of methane among all the 
reactors. In planted reactors an oxidizing zone was created around the roots due to 
oxygen leakage from the roots (radial oxygen loss). Methane may get oxidized to carbon 
di oxide, in this aerobic zone near the plant roots. Control, without any roots did not show 
that much oxidation of methane. Methane loss in the upper ports of the control reactors 
may be mostly due to volatilization to the atmosphere. 
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5: Summary 
The goal of this study was to characterize the biogeochemical processes occurring in the 
mesocosms, simulating a constructed wetland at the WPAFB research site. The 
degradation of PCE in the flow-through reactors (mesocosms) was characterized for a 
period of ~1 year. Effects of season and three common plant species on PCE degradation 
and removal were also examined. 
• The results of this study  clearly indicate PCE degradation within the reactors. 
Formation of daughter products like TCE, DCE isomers, VC, and ethene was 
observed within the reactors, suggesting PCE degradation by anaerobic reductive 
dechlorination (hydrogenolysis).  
• Greater than 90% reduction in PCE concentration was observed within the 
reactors, most of which (around 85%) occurred in the lower part of the reactors 
(bottom 15 inches).  
•  However, the mass balance (PCE and all daughter ethenes combined) was poor 
(~10%) suggesting loss of PCE by alternative pathways, such as degradation by 
β-elimination pathway and/or by sorption to soil particles.  
• The PCE degradation and daughter product formation were significantly 
influenced by seasonal changes. Plant root zone also witnessed degradation of 
chlorinated ethene daughter products in the planted reactors, which was not 
evident in the unplanted (control) reactors.  
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• The overall trend of PCE degradation in CC reactors was similar to that in SA 
reactors. PCE degradation was more efficient in CC reactors (90% reduction 
within the bottom12 inches) in comparison to SA reactors (90% reduction within 
of the lower 25 inches), presumably due the smaller roots of CC plants creating 
more reducing environment, thus more reductive dechlorination of PCE taking 
place. 
•  PCE was more persistent in the control reactors (90% reduction within a height 
of 45”). This might be due to competition between methanogenes and PCE 
reductive dechlorination reactions for hydrogen.  
• PCE was degraded when water flowed upward through the mesocosms. The 
anaerobic-aerobic environment which existed in the reactors was capable of 
degrading PCE to ethane through a number of biogeochemical reactions.  
• The microbes present in the soil were also helpful in degrading PCE. Formation 
of the daughter products following the reductive sequential degradation pathway 
was noticed in the reactors. 
• Effect of plants and season were also evident. Planted reactors showed more 
efficient degradation of PCE than unplanted reactors. Aerobic micro-
environments created by radial oxygen loss from plant roots were efficient in 
bringing aerobic oxidation of the contaminants.  
• More plant activity in summer brought more oxygen in the root zone which 
resulted in more aerobic degradation in the summer months as compared to winter 
months. This variation was not noticed in the unplanted reactors. Also the 
concentration of TCE, DCE and VC was more in the control reactors, because 
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there was little or no aerobic oxidation or co-metabolic loss. This shows that 
planted reactors are more efficient in PCE degradation.  
• PCE dechlorination by hydrogenolysis pathway was definitely occurring in the 
reactors. But there might be some other reactions taking place, also which were 
causing PCE degradation, especially in the lower half of the reactors. β-
elimination may be a probable pathway for PCE degradation. Sorption to organic 
rich soil can also cause decrease in PCE concentration. More detailed 
investigation should be done to find these out.  
• The evolution of the bacterial community is also currently being studied. This can 
tell us how the bacteria have matured through time and how is it affecting the 
PCE degradation processes. 
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       Answers to research questions: 
What are the major degradation processes occurring in the system that is             
facilitating the degradation of PCE and its daughter products? 
Various biogeochemical processes were occurring in the system which caused the 
sequential degradation of PCE to various daughter products. Formation of TCE from 
PCE in the anaerobic zone of the reactor was due to reductive dechlorination 
(hydrogenolysis) pathway. DCE isomers, VC and ethane were also formed due to 
sequential reductive dechlorination pathway, where one chlorine atom was lost in each 
step. However the mass balance observed was not good. Maybe some other kind of 
degradation pathways, like β-elimination, was also taking place in the system. Sorption 
of contaminants to wetland soil particles could also be a possibility. Aerobic oxidation of 
TCE, DCE and VC to carbon dioxide was also evident in the system. Degradation via the 
cometabolism mechanism was also observed in the mesocosms.  
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Is there any variation in the degradation of PCE due to seasonal effects? 
Yes, there were certainly seasonal effects in the planted reactors. Plant respiration and 
activity influenced the amount of oxygen in the rhizospheric zones. In summer increased 
plant activity created more aerobic conditions in the root zone causing more aerobic 
oxidation. Methanotrophic activity was also influenced similarly by seasons.   
  
Are the results consistent with trends observed in the constructed wetland at 
WPAFB?  
Yes, the trends found in the reactors were similar to that observed in the field site. 
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Appendices: 
 
A. Standard Preparation 
 
 
Standard preparation procedures for liquid VOC (PCE, TCE and DCE): 
 
1. A 160ml glass bottle was filled with DI water and then capped and sealed 
2. 0.2 µl of PCE was injected into the bottle using Hamilton glass syringes 
3. This will give a concentration of 2ppm in the stock bottle 
For PCE, 
(Density = 1.6 gm/cc 
  0.2 µl x 1.6gm/cc = 0.32 mg 
  0.32 mg / 160 ml = 2mg/l = 2ppm) 
      4.   15ml serum bottles were filled with DI water, sealed and capped 
      5.   Various concentrations of PCE (10, 20, 30 ppb) were prepared in the serum      
bottles  
            (2ppm x V1 = 10ppb x 15ml 
               V1 = 0.075ml) 
Then the sampled were analyzed in the GC using purge and trap and calibration 
curves were drawn 
 
  Standard preparation for gases (VC, methane and ethane) 
1. A gaseous stock was prepared by bubbling in a stream of gas through a needle 
2. The bottle contained 60ml of DI 
3. 15 cc serum bottles were filled with 9cc DI water and rest air and sealed and 
capped 
4. Different volumes of gas (30 µl, 100 µl)were injected in to the bottles 
5. Direct headspace injection was done for analysis 
 
   Calculations: 
       30 µl gas in 15 cc bottles 
       PV = nRT 
       n = 1.25 x 10 -6 moles 
       n/V gives moles per liter 
       Moles per liter was converted to µg/l (n moles x mol. wt of gas x 10 -6) 
       f w = 1/ (1+ K H (Va /Vw)) where Va = 6cc and Vw = 9cc 
       Cw = f w x (n/V) 
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B. Calibration curves 
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C. GC operating parameters and procedures 
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1. Before starting the GC always check gas tanks for appropriate pressures. 
Pressure should never exceed recommended limit marked on the gauge. 
2. Change the septa every day morning. Unscrew the head space injection 
nut, replace septa and tighten with finger 
3. Go to the computer and select PREP.M from method pull down menu in 
the GC screen 
4. When ready hit the start button on the GC  
5. Select NEW DUAL.M from the method pull down after the Prep run is 
complete 
6. Wait until the GC shows ready in green sign 
7. Go to run control and enter all the necessary information under sample 
info tab 
8. Withdraw 6ml of sample from the 15c.c. sample bottles using a BD 10ml 
syringe 
9. Inject 5ml of sample into the purge and trap port and discarding the 
remaining 1ml. For samples taken from influent and port 1, inject only 0.5 
ml of sample and 4.5 ml of DI water 
10. Go to the velocity XPT screen and hit the start button 
11. Once the run is complete, GC shows NOT READY sign in red. When the 
GC turns green again showing READY next sample can be injected 
12. Go to Method and Run control pull down menu and go to data analysis 
13. Chromatograms of sample analyzed will show up in the screen 
14. PCE, TCE, DCE peaks are taken from the ECD screen where as ethane, 
ethene and VC peaks are saved from the FID screen. Printouts of these 
graphs are taken 
15. For analyzing methane, gaseous samples are used. 250 µl of the sample is 
taken out using a Hamilton gas tight syringe and injected directly in to the 
GC through the head space injection nut and start button is hit. The 
syringe is kept in this position for about 22 seconds and then taken out 
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16. After the run is over take printouts of the chromatograms 
17. When all the samples have been analyzed, select Shut_OGC.M from the 
method pull down menu. This will turn off the GC. 
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D. Monthly variations of individual CEs in each reactor: 
 
 
 
Fig D.1: Average PCE for all months in SA 1 
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Fig D.2: Average PCE for all months in SA 2  
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Fig D.3: Average PCE for all months in CC 2 
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Fig D.4: Average PCE for all months in CC 3 
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Fig D.5: Average PCE for all months in CN 1 
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Fig D.6: Average PCE for all months in CN 3 
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Fig D.7: Average TCE for all months in SA 1 
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Fig D.8: Average TCE for all months in SA 2 
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Fig D.9 Average TCE for all months in CC2 
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Fig D .10: Average TCE for all months in CC 3 
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Fig D.11: Average TCE for all months in CN 1 
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Fig: D.12 Average TCE for all months in CN 3 
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Fig D.13: Average cis-DCE for all months in SA 1 
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Fig: D.14: Average cis-DCE for all months in SA 2 
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Fig D.15: Average cis-DCE for all months in CC 2 
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Fig D.16: Average cis –DCE for all months in CC3 
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Fig D.17: Average cis-DCE for all months in CN 1 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
0
10
20
30
40
50
60
0 0.0002 0.0004 0.0006
Conc (μM)
Po
rt 
H
ei
gh
t (
in
ch
es
)
Jul -06
Sep-Oct -06
Nov -06
Dec -06
Jan -07
Feb -07
Mar -07
Apr -07
Jun -07
 138
 
 
Fig D.18: Average cis-DCE for all months in CN 3 
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Fig D.19: Average VC for all months in SA 1 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
0
10
20
30
40
50
60
0 0.005 0.01 0.015 0.02
Conc (μM)
Po
rt 
H
ei
gh
t (
in
ch
es
)
Jul -06
Sep-Oct 06
Nov -06
Dec -06
Jan -07
Feb -07
Mar -07
Apr -07
Jun -07
 140
 
 
Fig D.20: Average VC for all months in SA 2 
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Fig D.21: Average VC for all months in CC 2  
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Fig D.22: Average VC for all months in CC 3 
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Fig D.23: Average VC for all months in CN 1 
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Fig D.24: Average VC for all months in CN 3
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D. Monthly Concentrations of CEs in the Reactors 
 
SA 1 
Jul 06 
PCE (μM) TCE (μM) cis-DCE (μM) trans-DCE 
(μM) 
VC  (μM) Ethene (μM) Methane(μM) 
Port 7 0.052221               0.005 0 0.0115 0 0 0.19 
Port 6            0.066025               0.001 0 0.013 0 0 0.277 
Port 5            0.001055               0.002 0 0.002 0.0051 4.04 E-05 25.46 
Port 4            0.000451               0.001 0 0.004 0.004 4.9 E-05 343.8 
Port 3            0.000701               0.001 0 0.0027 0.0062 3.83E-05 332 
Port 2            0.000236               0.001 0 0.0019 0.0078 3.62E-05 92.3 
Port 1            0.000168              0.0008 1.3 E-08 0.0011 0.0043 0 91.62 
INF              0.00066               0 0.000126 0.0022 0.0041 0 55.77 
 
SA 2 
Jul 06 
PCE (μM) TCE (μM) cis-DCE (μM) trans-DCE 
(μM) 
VC  (μM) Ethene (μM) Methane(μM) 
Port 7 0.069 0.0004 0 0 0 0 0 
Port 6 0.053                  0.0005 0.00015 0 0.0009 0 9.17 
Port 5 0.054 0.0007 2.17 E-05 0.0051 0.0037 1.404 E-05 37 
Port 4 0.004 0.0017 5.2 E-05 0.002 0.0071 3.4 E-05 40 
Port 3 0.003 0.0031 6.07 E -05 0.0034 0.0074 4.04 E-05 29 
Port 2 0.0001 0.0014 6.9 E-05 0.007 0.0051 3.83 E-05 23 
Port 1 0.00022 0.0021 0 0.011 0.0001 0 1.7 
INF 0.07 0.0008 0 0.014 0 0 0.11 
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CC 2 
Jul 06 
PCE (μM) TCE (μM) cis-DCE (μM) trans-DCE 
(μM) 
VC  (μM) Ethene (μM) Methane(μM) 
Port 7 .00056 .00058 0 0 0 0 0 
Port 6 .0001        .00034 .00013 .002 .003 1.92 E-06 66 
Port 5 .0001 .00033 0 .001 .005 3.62 E -06 91 
Port 4 .00008 .00036 0 .0015 .007 9.15 E-05 90 
Port 3 0 0 0 .0006 .005 0 0 
Port 2 0 0 0 0 0 0 0 
Port 1 .03 0 0 0 0 0 0 
INF .15 .0004 0 0 0 0 0 
0 
 
CC 3 
Jul 06 
PCE (μM) TCE (μM) cis-DCE (μM) trans-DCE 
(μM) 
VC  (μM) Ethene (μM) Methane(μM) 
Port 7 .0006 .00017 0 0 .0023 0 34.9 
Port 6 .00016 .00013 0 .00025 .0037 7.66 E-06 49.1 
Port 5 .00076 .00014 0 .00011 .0084 4.26 E-05 71.3 
Port 4 .00039 .00034 6.93 E-05 .00048 .0075 6.39 E-05 85.9 
Port 3 .00081 .00068 9.09 E-05 .00053 .0074 6.81 E-05 56.8 
Port 2 .0045 .00019 .0001 .00026 .0057 4.9 E-05 11.2 
Port 1 .184 .0024 0 .00033 0 0 .03 
INF .151 .00078 0 .027 0 0 .02 
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CN 1 
Jul 06 
PCE (μM) TCE (μM) cis-DCE (μM) trans-DCE 
(μM) 
VC  (μM) Ethene (μM) Methane(μM) 
Port 7 .00043 .0021 7.37 E-05 .007 .0074 .01 170.77 
Port 6 .00094 .0028 3.9 E-05 .006 .0059 .01 219.27 
Port 5 .0011 .0032 5.2 E-05 .005 .0044 .01 222.38 
Port 4 .0024 .0057 7.3 E-05 .0088 .003 .01 171.12 
Port 3 .003 .006 6.9 E-05 .007 .003 .01 131.28 
Port 2 .013 .014 .0001 .006 0 .009 29.79 
Port 1 .099 .002 .0054 .006 0 0 .329 
INF .31 .0007 .005 .007 0 0 .225 
 
 
CN 3 
Jul 06 
PCE (μM) TCE (μM) cis-DCE (μM) trans-DCE 
(μM) 
VC  (μM) Ethene (μM) Methane(μM) 
Port 7 .00018 .0006 0 .0005 .0023 4.25 E-05 376.45 
Port 6 .0007 .0019 0 .0052 .0019 8.08 E-05 398.18 
Port 5 .0013 .0032 4.76 E-05 .002 .002 8.51 E-05 504.13 
Port 4 .0018 .0057 6.93 E-05 .001 .0019 9.79 E-05 326.41 
Port 3 .003 .007 .0001 .0002 .002 .0001 111.19 
Port 2 .0037 .0039 4.76 E-05 .001 0 .0001 .16 
Port 1 .0989 .005 0 .005 0 0 .05 
INF .135 .0008 0 .007 0 0 .04 
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SA  
Sep 06 
PCE (μM) TCE (μM) cis-DCE (μM) trans-DCE 
(μM) 
VC  (μM) Ethene (μM) Methane(μM) 
Port 7 .0051 .0095 .0003 .0014 .004 2.23 E-05 17.49 
Port 6 .0056 .0115 .0007 .0047 .0061 5.88 E-05 58.7 
Port 5 .0086 .0138 .0003 .0091 .0069 6.91 E-05 59.9 
Port 4 .0081 .0093 .0003 .0032 .007 .001 84.7 
Port 3 .0240 .0115 .0006 .0065 .0078 .001 16.9 
Port 2 .0552 .0078 0 .032 .005 6.02 E-05 .36 
Port 1 .107 .0027 0 0 2.95 E-06 9.94 E-05 .12 
INF .171 .0014 0 0 0 0 .09 
 
 
 
CC   
Sep 06 
PCE (μM) TCE (μM) cis-DCE (μM) trans-DCE 
(μM) 
VC  (μM) Ethene (μM) Methane(μM) 
Port 7 .002 .0052 .001 .001 .0013 1.15 E-05 1.06 
Port 6 .001 .0056 .001 .001 .0035 3.9 E-05 5.19 
Port 5 .003 .0097 5.17 E-05 .003 .0066 .0001 11.95 
Port 4 .0009 .0073 0 .002 .0052 .0001 9.0 
Port 3 .001 .0015 0 .001 .003 .0001 14.03 
Port 2 .004 .0076 0 .004 .005 8.9 E-05 2.61 
Port 1 .05 .02 0 .041 .003 6.2 E-05 .49 
INF .11 .001 0 .038 0 0 .09 
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CN  
Sep 06 
PCE (μM) TCE (μM) cis-DCE (μM) trans-DCE 
(μM) 
VC  (μM) Ethene (μM) Methane(μM) 
Port 7 .0081 .018 5.21 E-05 .01 .004 2.6 E-05 125.22 
Port 6 .01 .022 2.4 E-05 .015 .007 4.9 E-05 135.78 
Port 5 .019 .026 .0002 .015 .007 6.18 E-05 97.51 
Port 4 .03 .027 .00026 .001 .002 2.3 E-05 59.75 
Port 3 .06 .02 0 0 .008 8.7 E-05 50.57 
Port 2 .04 .027 0 0 0 0 46.24 
Port 1 .10 .006 0 0 0 0 .09 
INF .13 .001 0 0 0 0 .0005 
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SA  
Dec 06 
PCE (μM) TCE (μM) cis-DCE (μM) trans-DCE 
(μM) 
VC  (μM) Ethene (μM) Methane(μM) 
Port 7 .00053 .00047 0 .001 0 1.48 E-05 .052 
Port 6 .00046 .00087 7.79 E-05 .00094 .0043 5.74 E-05 .88 
Port 5 .00029 .001 .00015 .00094 .011 7.66 E-05 5.71 
Port 4 .00053 .0033 .00019 .001 .013 5.95 E-05 2.07 
Port 3 .017 .016 .00037 .001 .01 1.91 E-05 1.45 
Port 2 .067 .014 9.53 E-05 .004 .002 2.55 E-05 .12 
Port 1 .176 .002 .00056 .02 0 2.12 E-05 .04 
INF .146 .0009 .00069 .027 0 0 .06 
 
 
 
CC  
Dec 06 
PCE (μM) TCE (μM) cis-DCE (μM) trans-DCE 
(μM) 
VC  (μM) Ethene (μM) Methane(μM) 
Port 7 .00084           .001 0 .0018 0 0 .225 
Port 6 .00042 .001 3.03 E-05 .00082 .00089 1.06 E-05 .381 
Port 5 .00049 .003 8.23 E-05 .0012 .0059 .00017 5.1 
Port 4 .0001 .0009 2.6 E-05 .00065 .0029 .00018 3.32 
Port 3 - - - - - - - 
Port 2 - - - - - - - 
Port 1 .17 .021 .0011 .019 0 2.9 E-05 .03 
INF .31 .0009 .0010 .038 0 2.1 E-05 .02 
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CN  
Dec 06 
PCE (μM) TCE (μM) cis-DCE (μM) trans-DCE 
(μM) 
VC  (μM) Ethene (μM) Methane(μM) 
Port 7 .00045 .0033 0 .0021 .01 .00011 15.93 
Port 6 .0045 .0126 .0001 .0039 .0095 .00011 84.52 
Port 5 .005 .0119 .0001 .0039 .0096 .00011 59.92 
Port 4 .033 .0244 .0002 .0038 .006 .0001 60.79 
Port 3 .038 .0306 .0001 .0008 .0057 6.38 E-05 13.85 
Port 2 .017 .0259 .0001 .0007 .0051 4.89 E-05 12.47 
Port 1 .115 .0064 .002 .0004 0 0 1.9 
INF .283 .0011 .0021 .007 0 0 .12 
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SA  
Jan 07 
PCE (μM) TCE (μM) cis-DCE (μM) trans-DCE 
(μM) 
VC  (μM) Ethene (μM) Methane(μM) 
Port 7 .0041 .0059 7.49 E-05 .00038 .0014 2.25 E-05 11.95 
Port 6 .0046 .0081 .00013 .00078 .0091 5.04 E-05 12.81 
Port 5 .0051 .013 .00024 .002 .0077 .0001 55.59 
Port 4 .0061 .013 .00048 .004 .0067 5.87 E-05 51.61 
Port 3 .0103 .01 .00033 .0037 .0034 2.4 E-05 6.55 
Port 2 .045 .003 0 .0033 .0015 1.9 E-05 2.007 
Port 1 .108 .002 0 .0242 0 0 .011 
INF .132 .0007 0 .01 0 0 0 
 
 
 
 
CC  
Jan 07 
PCE (μM) TCE (μM) cis-DCE (μM) trans-DCE 
(μM) 
VC  (μM) Ethene (μM) Methane(μM) 
Port 7 .00098 .0022 .00054 .00011 .0028 3.5 E-05 4.67 
Port 6 .0025 .0039 .00071 .00025 .0052 5.44 E-05 6.06 
Port 5 .0028 .0049 .00091 .00021 .0127 .0001 15.06 
Port 4 .0033 .0087 .00255 .00013 .0101 9.93 E-05 19.05 
Port 3 .0042 .0129 .0023 .0001 .0073 7.42 E-05 3.63 
Port 2 .0051 .0051 .0016 7.71 E-05 .0035 2.47 E -05 .978 
Port 1 .0929 .0059 .0074 0 .0175 7.49 E-05 .09 
INF .1306 .0012 0 0 0 3.83 E-05 .003 
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CN  
Jan 07 
PCE (μM) TCE (μM) cis-DCE (μM) trans-DCE 
(μM) 
VC  (μM) Ethene (μM) Methane(μM) 
Port 7 .00052 .00309 6.8 E-05 .0012 .0078 5.08 E-05 10.91 
Port 6 .0008 .00501 .00013 .008 .0172 .00011 8.14 
Port 5 .0011 .00722 .00027 .013 .0142 9.8 E-05 23.38 
Port 4 .0029 .00944 .00021 .011 .0116 6.9 E-05 51.09 
Port 3 .0061 .01453 .00011 .0063 .0083 4.49 E-05 9.87 
Port 2 .0113 .01191 3.37 E-05 .0033 .0039 2.09 E-05 4.85 
Port 1 .12 .00532 0 .0073 0 0 .25 
INF .17 .00095 0 .0001 0 0 0 
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SA  
Apr 07 
PCE (μM) TCE (μM) cis-DCE (μM) trans-DCE 
(μM) 
VC  (μM) Ethene (μM) Methane(μM) 
Port 7 .0004 .0027 .00019 .0036 .0013 0 2.33 
Port 6 .00051 .0032 .0001 .0024 .0026 4.6 E-05 3.39 
Port 5 .00059 .0052 8.57 E-05 .0028 .0042 9.9 E-05 9.05 
Port 4 .00098 .012 5.89 E-05 .0048 .0094 4.19 E-05 4.74 
Port 3 .00818 .0072 3.86 E-05 .0013 .0072 4.02 E-05 .96 
Port 2 .0184 .0052 2.6 E-07 .0002 .0023 2.8 E-05 .22 
Port 1 .132 .0049 0 0 0 0 0 
INF .159 .00098 0 0 0 0 0 
 
 
 
CC  
Apr 07 
PCE (μM) TCE (μM) cis-DCE (μM) trans-DCE 
(μM) 
VC  (μM) Ethene (μM) Methane(μM) 
Port 7 .00096 .0021 .00011 .00028 .0011 0 1.46 
Port 6 .00058 .0027 .00016 .00047 .0019 2.3 E-05 6.58 
Port 5 .00064 .0051 6.9 E-05 .00064 .0054 6.8 E-05 21.3 
Port 4 .00374 .0115 4.15 E-05 .00134 .0115 .00014 16.9 
Port 3 .00671 .0148 2.9 E-05 .00055 .0069 9.7 E-05 4.68 
Port 2 .0208 .0137 0 .00028 .0044 2.5 E-05 .42 
Port 1 .1691 .003 0 0 0 0 0 
INF .2027 .001 0 0 0 0 0 
 
 
 
 
 
 
 
 155
 
 
CN  
Apr 07 
PCE (μM) TCE (μM) cis-DCE (μM) trans-DCE 
(μM) 
VC  (μM) Ethene (μM) Methane(μM) 
Port 7 .0016 .0052 .00022 .0024 .0016 1.21 E-05 15.06 
Port 6 .0099 .0083 .00018 .0063 .0038 3.74 E-05 50.992 
Port 5 .013 .01 .00015 .0031 .0047 .00011 67.37 
Port 4 .0277 .0162 .00011 .0025 .0096 6.93 E-05 32.38 
Port 3 .0355 .0035 6.9 E-05 .0016 .0057 7.53 E-05 6.062 
Port 2 .0391 .0024 4.3 E-05 .00068 .0043 5.04 E-05 3.63 
Port 1 .1356 .0027 0 0 .0023 2.14 E-05 2.944 
INF .1487 .0007 0 0 0 0 0 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 156
SA  
Jun 07 
PCE (μM) TCE (μM) cis-DCE (μM) trans-DCE 
(μM) 
VC  (μM) Ethene (μM) Methane(μM) 
Port 7 .0012 .0023 .00011 0 .00013 0 .16 
Port 6 .0012 .0027 5.7 E-05 .0046 .0025 1.85 E-05 .31 
Port 5 .0027 .0056 9.1 E-05 .0104 .0069 6.72 E-05 .85 
Port 4 .0092 .0131 7.5 E-05 .0144 .0076 4.93 E-05 1.49 
Port 3 .0107 .01 7.8 E-05 .0079 .0051 4.02 E-05 2.86 
Port 2 .0613 .006 0 .0173 .0039 1.91 E-05 1.35 
Port 1 .1545 .001 0 .0039 0 0 .01 
INF .1843 .0005 0 0 0 0 0 
 
 
 
CC  
Jun 07 
PCE (μM) TCE (μM) cis-DCE (μM) trans-DCE 
(μM) 
VC  (μM) Ethene (μM) Methane(μM) 
Port 7 .00096 .0026 0 .0013 0 0 1.69 
Port 6 .0015 .0042 3.03 E-06 .0016 .00078 0 3.74 
Port 5 .0019 .0061 4.24 E-05 .0023 .00173 2.27 E-05 .59 
Port 4 .0086 .0100 5.25 E-05 .00064 .00311 2.14 E-05 .22 
Port 3 .0270 .0134 2.73 E-05 .0016 .00242 1.55 E-05 .109 
Port 2 .0362 .0071 0 .00073 .00145 1.27 E-06 .0069 
Port 1 .1539 .0047 0 0 0 0 0 
INF .1821 .00098 0 0 0 0 0 
 
 
 
 
 
 
 
 157
 
 
CN  
Jun 07 
PCE (μM) TCE (μM) cis-DCE (μM) trans-DCE 
(μM) 
VC  (μM) Ethene (μM) Methane(μM) 
Port 7 .0104 .0052 4.72 E-05 .0013 .0001 0 12.64 
Port 6 .0164 .0081 3.46 E-07 .0006 .0019 0 47.81 
Port 5 .0207 .0116 3.03 E-07 .0012 .0116 1.66 E-05 43.64 
Port 4 .0363 .0080 0 .0021 .0065 8.13 E-05 6.21 
Port 3 .0404 .0033 0 .0041 .0051 4.98 E-05 .658 
Port 2 .0444 .0024 0 .0034 .0034 2.91 E-05 .467 
Port 1 .0939 .0055 0 .0006 0 1.81 E-05 .277 
INF .1482 .0027 0 0 0 0 0 
 
 
 
 
 
 
